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Absorption and Light Scattering in Insulators?)

by J.-A. Deverin?) and C. Mavroyannis

Division of Chemistry, National Research Council of Canada,
Ottawa, Ontario K1A OR6, Canada

(5. VL. 72)

Abstract. The interaction between electromagnetic radiation, lattice vibrations and excitons
in insulating crystals has been studied by means of the Green’s function technique. The spectral
functions for the three fields have been derived and are found to be made, in the presence of an-
harmonic interactions, of the superposition of a Lorentzian line and an asymmetric band. Asym-
metry is present even if the frequency dependence of the damping function is ignored. The scattering
probability is examined for various kinds of coupling functions and it is found that no divergence
occurs under resonance conditions.

I. Introduction

The aim of the present study is the theoretical investigation of the absorption and
scattering of light in insulating crystals, with emphasis on the line-shape of the absorp-
tion bands and on the Raman effect under resonance conditions. Raman scattering
experiments with the exciting frequency in a resonance region have been reported for
large-gap semiconductors, mostly II-VI and I1I-V compounds [1], where the incident
laser light approaches the absorption edge.

A theoretical treatment of the first- and second-order Raman effects in insulating
solids has been presented by Loudon [2], which is based on a time-dependent Rayleigh—
Schrédinger perturbation theory. Loudon has shown that the dominant contribution
to the Raman effect arises from a process in which an electron-hole pair is excited by
the incident photon; then the electron-lattice interaction leads to the scattering of the
electron and hole by photons and the pair finally recombine to give the outgoing
photon. Loudon [2] has not discussed explicitly the effect of Coulomb interaction
between the excited electron and hole on the frequency dependence of the scattering
efficiency S. He found that, when this last interaction isignored, the scattering efficiency
S does not diverge when the excitation energy %w is equal to the energy gap . even
though the energy denominators coming from perturbation theory vanish, because
the density of excited states vanishes as %w approaches E,.

Birman and Ganguly [3] have argued that the Coulomb interaction has to be
considered in order to discuss the frequency dependence of S in resonant conditions.
This interaction gives rise to the formation of excitons, the excitation energy of which
is smaller than E,. When excitons are included as intermediate states in Loudon’s
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expression, one gets a sum over discrete exciton bound states; the energy denominators
in this sum vanish as %w approaches an excitonic level and thus, Birman and Ganguly
[3] have claimed that the excitonic part of the scattering efficiency diverges under
resonance conditions. Like Loudon [2], Birman and Ganguly [3] have considered the
Raman effect as arising from the absorption of the incident photon with the creation
of an exciton, scattering of the exciton by phonons and recombination of the pair
with emission of the outgoing photon, with different time ordering of these events.
The interaction between the electrons and the electromagnetic radiation has again
been treated through perturbation theory, which does not cover the resonance con-
ditions.

Mills and Burstein [4] have pointed out that the electromagnetic radiation can be
coupled strongly to the electric-dipole excitations in the crystal. When the photon
frequency is close to a resonance in the dielectric constant, a large fraction of the energy
of the propagating wave is contained in the dipolar excitations that dress the photon.
These mixed modes made of an electromagnetic wave clothed by dipolar excitations
are called polaritons. Mills and Burstein [4] have considered the Raman effect as the
inelastic scattering of a propagating polariton by the lattice vibrations of the crystal,
which is of particular importance under resonance conditions. They have shown that
the divergent denominators, which appear in Birman and Ganguly’s results [3], are
replaced by the difference between polariton energies associated with different branches
which never cross, so that S does not diverge. In a similar fashion, one can say that as
the excitation frequency #hw approaches an exciton energy E,,, the kaA-exciton
content of the polariton increases until the mode is a pure kA-exciton for iw = Ey),
without participation from the other exciton states or from the photon field; this is
equivalent tosay that the first-order exciton-photon interaction vanishes. Thus, while
the energy difference in the denominator goes to zero, the corresponding oscillator
strength in the numerator also vanishes leading to a finite, non-divergent result.

In fact, not only the electromagnetic and exciton fields can interact strongly but
also the exciton-phonon interaction may become substantial, especially in the
presence of polar longitudinal optical (LO) phonons in a non-centrosymmetric crystal.
Hence, the polariton-phonon system, which has been treated within the framework of
perturbation theory in the above-mentioned studies, can be formulated in such a way
that the three fields, electromagnetic, exciton and phonon, are treated on the same
footing. The propagating mode is then a dressed polariton consisting of an admixture of
the three interacting fields and the Raman effect is considered as the dressed polariton-
polariton inelastic scattering process.

Our approach to the problem starts from the same model Hamiltonian as that used
by Ganguly and Birman [3], to which anharmonic terms have been added, describing
photon-phonon and exciton-phonon interactions and is presented in Section IL.
Expressions for the Green functions of the coupled exciton, photon and phonon fields
are derived in Section III through Dyson’s equation. In Section IV, the excitation
spectrum of the system is analysed in successive approximations. When all anharmonic
effects are discarded the excitation spectrum is considered in the static approximation.
In this approximation, the spectrum consists of dressed (by the phonon field) polariton
modes which propagate through the crystal independently. The exciton-phonon
interaction modifies the oscillator strength for the electronic transition in question
and shifts the dispersion energies determined by the solutions of the Maxwell equations.
In Section V, the dynamic corrections arising from anharmonicity are included and the
polarization operator is calculated in the representation which is correct in the static
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approximation. The spectral functions corresponding to the three fields are derived
and the absorption lines are found to consist of the superposition of Lorentzian lines
peaked at the roots of the particular secular equation and of asymmetric lines, which
describe the structure of the side bands. Asymmetric broadening of the main line may
also arise when the energy dependence of the damping function is considered. The
asymmetric broadening of the spectral lines is always present and is caused by an-
harmonic polariton interactions.

In Section VI, an expression for the scattering probability is derived in the dressed
polariton representation. It is shown that no divergence appears under resonance
conditions and the exciton-phonon interaction brings in a shift in the resonance energy
as well as an additional contribution to the scattering amplitude. When this coupling
is ignored, the expression for the polariton-phonon scattering amplitude is found to be
in agreement with the results of Mills and Burstein [4]. The Raman scattering probabi-
lity is also considered when the three fields are independent of one another. Physical
processes that occur when either the three fields are coupled or the two fields are coupled
and the other is independent have been discussed in detail.

II. Form of the Hamiltonian

Let us consider an insulator or a large gap semiconductor containing two or more
atoms per unit cell. To study the behaviour of the system, where three fields: exciton,
phonon and photon interact, we take the model Hamiltonian H as [3]

H=H°+H'+ H? + H?, (2.1)
where H, consists of the unperturbed Hamiltonians
H® = HY, + H? + HY, (2.2a)
corresponding to the free exciton, phonon and photon fields respectively and given by
HY, = 3 E(cv) afy(cv) ayp(ev) (2.2b)
kACL‘
= 3, Woglbrgbogt+ ) (2:2¢)
né
2 —
HY =3 w, (A A, +3)+—2>—4' 4,. (2.2d)
xX€ €

An exciton is defined as an electron-hole pair, where an electron in the conduction
band ¢ and a hole in the valence band v are bound together through the Coulomb
interaction [5]. ock,\(cv) and o ,(cv) are the exciton creatlon and annihilation operators
with wave-vector k and internal quantum number A. bnf, bne and AL, A, are the
creation and annihilation operators for the phonon and transverse photon fields with
wave-vectors y) and y and polarization £ and e respectively, and satisfy Bose statistics.
E(cv), wye and wye denote the energy for the exciton, phonon and photon fields
respectively. The last term in (2.2d) represents the static part of the electron-photon
interaction, which is proportional to the square of the vector potential [6] and w,is the
plasma frequency. Explicit expressions for Ey)(cv) are given in Reference [3]. Following
Birman and Ganguly [3], we shall assume that the exciton operators satisfy Bose
commutation relations. The band indices ¢ and v will be suppressed into the compound
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index A, for convenience, and the system of units, where 7 = 1 will be used throughout.
In Equations (2.2) use has been made of the following notation:

‘ZxEZAxe = AT—xe» faxe=Ax€_A—xe
bog=bng + b1, Dog=bne — bl
o?kAzakA+otikA, G\ = o) boz_k,\.

The first-order Hamiltonian H! can be written as

H'=H,; +Hl, (2.3a)
where the bilinear interaction terms are given by
Hy = Z 8t (KA) Sy _n Fir g, (2.3b)
n§
Hep = foe(k)‘) Bk —x F A Axe. (2.3c)

xE

H!, and H,, represent physical processes, where either an exciton or a photon is created
or annihilated through the absorption or emission of a phonon respectively. The
coupling functions can be obtained by using Toyozawa’s [7] procedure and are given
in Ganguly and Birman’s paper [3].

Similarly, the cubic and quartic anharmonicities, H? and H?, are given by:

H?>= HZ,; + HZ;+ H2 g+ Hlg; + Higy, (2.4a)
H*=H3 1 + HZpyr. (2.5a)
The specific form of the interaction terms is the following:
Hi, = z an(kAJ k’/\f) 8k—-—k’,—'n aE)\“k’A’Enfx (2.4b)
kAKX
n
H%LL r— kZA dnfﬂ'f'(kh) 8n+n’_k&bbn§bn’f’, (2.4(:)
nén' €
HZp= 3 [Fye(®AK'X) §ye yalpoucn
kA’
x€
+ B (kL K'X) 8ige xotiaotien] Aes (2.4d)
Hipe= 2 an(k/\l Xe) 8k,x+n&;rv\fix€ Em‘fz (2-4¢)
kAxe
né
H%{RL = 2 }ﬁng(x& X’G')Bx—x’,—n-’i;efix’ﬁbmf: (2-4f)
XEX €
né
HeeLL Z annf (kA k'’ A) 8k-—kn+ﬂ ak)ak)\ bnfbnfx (25b)
nfn f

NE

nén't
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The expressions for H2,,, H 2 cand H? ceLL describe physical processes, where two excitons
scatter each other through the emission or absorptlon of one phonon one photon and
two phonons respectively. Slmlla.rly, the expressions for H? eLLs H: and H? eRLL represent
processes, where an exciton is either created or annihilated with the emission or absorp-
tion of two phonons, one photon and one phonon, and one photon and two phonons
respectlvely Photon- photon scattermg through the emission or absorption of a phonon
1s described by the expression H32g,. All these anharmonic interactions will contribute
to the lifetime and broademng of the spectral lines. It is easily seen that the expres-
sions for H2,z, H2py., Hary, and HZ,,, describe direct photon scatterlng processes. The
various coupling functions in Equations (2.4) and (2.5) can be found in the works of
Ganguly and Birman [3] and Mavroyannis and Pathak[8]. It is pointed out that in addi-
tion to the exciton-lattice interaction via the deformation potential (9], there is the
Frohlich [10] mteractlon between excitons and LO phonons in polar crystals, which
contributes to Hy,, H2,, H? ;, H?;; and to the quartic anharmonic terms (2.5). This
contribution can be large and cannot be neglected particularly for polar crystals.

IT1. Green’s Functions Derivation

To study the system made of three coupled fields, we will use the Green’s function
technique as described by Zubarev [11]. Let us introduce the following row operators

Bl = (e AL By i) (3.1a)
Bl = (o ALe Bl asp) (3.1b)

defined in terms of the exciton, photon and phonon operators. Using these operators
together with their complex conjugate-column operators, we define the two double-time
retarded Green’s functions in matrix form

& Bylt); BLE)Y = —ib(t — Y[ Bilt), BL(#))-) (3.2a)
&Bult); BL#)Y = —iB(t — #){[Bu(t), BLE)1->. (3.2b)

The angular brackets denote that the statistical average of the commutator is taken
over the canonical ensemble appropriate to the total Hamiltonian H; 6(¢) is the usual
Heavyside step function. The operators B, (f), By (f) arein the Helsenberg representation

By (t) = exp (1Ht) By(0) exp (—iHy). (3-3)

The equations of motion for the Fourier transforms of the Green’s functions (3.2) with
respect to the time argument ¢ are given by [11]

X< B B> = 9= Buo B>, + (((Bio H]; B (3.4a)

& 1 . - N _
w((B,; Bl>> = 5B BN >, + (B, Hl_; B>>. (3.4b)

When the commutator in the last two terms of Equations (3.4) is considered, the
equations of motion (3.4) are coupled. Therefore, it is convenient to write Equations
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(3.4) in the form of a linear combination, i.e.,

W[ By; B> + 2((By; BD>]
1 - _ . _
=—2;£9<[B.‘,B£J_>,=,'+9k<[Bk, B> (3.5)

+ (B, HI_; B> + (B H_]; BbY),

where the coefficients are given by:

o <O

(3.6)

S © O e
S O Mg ©
o Mg © ©
e © O @
S © O e
o owm|so
o g

Nk © O O

When the commutators in (3.5) are calculated by means of the Hamiltonian (2.1),
then the equation of motion (3.4a) takes the form of

D (k, w){{By; BL>> =T + (S(k); BD>>, (3.7)

where I is the unit matrix. Dgy(k,w) is the unperturbed Green’s function, which is
found to be:

b-Fa  -SAM) -Zadd) 0
Wkl )
— ;f e (KA) ook 0 > [ (KA)
D5i(k, w) = (2m) o — Wl A (3.8)
— 2 &ekA) 0 —— 285 (kA
A 2wk§ A
0 S £ (kN ? ge®)  —w—Ey

In (3.7), S(k) is a column operator arising from anharmonic contributions and is
given by

S, (k) rr{oey, H + H3].
A 2 3
S(k) _ SR(k) — [‘j‘ke’H * H ]- , (3 9)
S, (k) albye H? + H?) :

Sk —2m(ol o\, H? + H3)_
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where the explicit expressions of its elements are:

S.() = 20 sz Greogr (KX K'X) 8y g tiex Dyerge + %\’[F ror (KA K'X)
k"¢ k"e”
+ Foo (X, KN)] 8y pestion Airer + 2 Giopare BN Speper sy g by
K
+ z Brgr RALK'€) 8y Ao bigr+ 2 Dygrerg-(RALK'X)
s b
X Sy peox DyergoDynge

+ kZ’ Bkwgnkmgm (kA, k'E’) 8k’+k”+k~,kAk'€'-b-k”§”5k~§” (3.108.)
k”§”k”'§"
ryr A * AV R MAY ki
Sg(k) =27 [ kz,\'%(F—ke(k AKOX) + FL (AT KOX) Sy Gy ey + “k/\ )
k”A”
+ kZA' Bkﬂf”(k’A’, —,kf) Sk'—k”,—k&lfh’gkyf” + k,z, [¢k”§”( '6’, _kE) + ¢kn§~(k€, —k’er)]
k”f” k”;’"
X By _yer Ao byrer + 3 Oeprep (N, —ke) 811t Birex g Bierg| (3-10D)
Kk
YR WAY -t = 9. Y
S.(k)= 277[ k,% %G—kf (KA, k") Sk’wk”,—k(a kx ey T oy Eperpe)
kKA
ryr Y’ wl &
+ EA: [d—kfk”f”(k A ) + dk”f’—kf(k A )] Sk,_k”'_kak,)‘,b k”f”
KN
K¢
+ sz ¢~—k$(k,€”k”€”) 8k'—k”,—k‘z:‘('€'lzk
k"e”

”_n
€

+ 3 3D g KN KN) 4 Dy (KN KN 8y peryr

KXk
K"
e % T VAR T BN
X (ak'l‘l'“k”ﬂ” + ak't\’ak”A”) bk'"f" + Az [enkékngn(k A F k € )
k’ 'k”E”
kmf»v

+ Gk"f""”—kg(k’A"kﬂeﬂ)]3k —k"—k", kO‘kAAk" "bk"g" : (3.10c)

The second term on the right hand side of (3.7) is a mixed many-particle Green’s
function, which can be written in a symmetric form by deriving its equation of motlon

with respect to the time argument #’, together with that of the function {({S(k); Bk>>
Through a calculation similar to that used to obtain (3.7), we can write:

(SI); B>y = KISK), Bil_y,—p + <<S(K); ST (K)>>] Doolk, ), (3.11)
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where the row vector appearing in the equal time commutator is defined as:

Al + ckAl bie+ wis bl
BI=(ocL\w ke ke @WOk¢ T Wiy kg*a_k)‘

(3.12)
2ck 2wk§

and arises also from the linear combination of the two equations of motion for

((S(&); Biy) and ((S(k); By). |
Upon inserting (3.11) into (3.7), we obtain

D3 (k, w)<<By; B> = Dy (k, ) D(k, )
— T+ S, BY-D p+ <<SK);ST(K)YY] Doolk, @), (3.13a)
which is to be compared with the Dyson equation
Dya(k, w) Dk, w) =I + 7k, w) D(k, w)
=1 + P(K, w) Dyo(k, w) (3.13b)
The polarization operator 7 (k, w) is related to the scattering operator P(k,w) through
w(k, w) = P(k, w)[I + Doo(k, w) P(k, w)]™
= P(k, w)[I — Dyo(k, w) Pk, w)+...]. (3.14)

In the range of frequencies w far from the zeros of the denominator in (3.14), we
expand in power series and retain only the first term of the expansion. Using this
approximation, from (3.13) we have

D(k, w) = [Doa (k, w) — <[S(K), BY]_>,pr — (<(S(k);STR)>Y]7 T, (3.15)

where the polarization operator =(k,w) has been approximated by the scattering
operator P(k,w) = ([S(k), Bl]_)t= . +<(S(EK);S T(k)>>. The equal time commutator
is the static part of the scattering operator and is a renormalization term. The Green
function P(k, w) = ({S(k);ST(Kk)>> is the dynamic component of P(k,w) and represents
the effects of various scattering events among the particles arising from the anharmonic
interactions H? + H>.

Taking the diagonal and non-diagonal elements of (3.15), we obtain the following
Green'’s functions for the exciton, photon and phonon fields:

D, (K, ) = &y Gy >

(1 [E+ Pia(k, w)] [w? — 2 k? — &2 — dckw ¢ P33(K, w)/ (w? — @iy)]
B (;) [w? — B2, + P2 (k,w)] [1— Ak, w)][w*7 (K, w) — c?k?]
(3.16a)
Dg(k, w) = ({Aye; Af>d = (i) o : (3.16b)
’ < 7] [w? ik, w) — k]

DL(k,w)=<<5k§;51§>>=(_) [ it ]

1
T . wz—&’)ﬁf
(w? — k2 — @2 — 4ck) 3 | f (KA P[E ) + Pralkew)]/[w? — EZy + P}, (kw)]
(1 — Ak, w)][w?H2k, ) — c* %2

X

(3.16¢)
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where the frequency and wave-vector dependent index of refraction is given by
I A 4ck| o (kN [P(E ) + P4k, w)]
ik, ) 2 3r,.2_ f2 2 7
w W [w?—Ef+ Pl (k, w)][1- Ak, w)]
- dckw,; P35 (K, o) s Z 8ckwy B+ Pra(k, w)]
wHw? — @l - Ak, @)] £t ¥ (w? - digdlw? — Ef + Plyk, w)]
g;
| [l B 0X) Pl 0) + By N 5, X) Pyl )| —
1 - Ak, w)
and the lattice response function, representing the polar field correction, is
- 4o, 1| &, KN |HEy + Pra(k,
1— Ak, w)=1- Z Cugldic YL - “2( i (3.17D)
y (® — Byg)[w? — By, + Piy(kw)]
Use has been made of the following definitions
5 - 1 -
E=Eig + — (Sall); S5 = B + Pu k. @), (3.182)
k
2 2 Wi ot &% 4 Purlk 3.18b
Wye = Wye + —= ((S(k); S (k)>> = wk§+ 33k, w), (3. )
m
~2 2 ok 1 2 3.18
Gy =wp+— ((Sgr(K);SrEK)>)> = w) + Pp(k, w), (3-18¢)
1
Pk, w) = P}k, ) = 2—<<5ex(k); Sex(—K)>), | (3.18d)
mw
1
Pay(k, ) = Py (K, w) = -—<<Sy(k); Sx(k) (3.18¢)
m
1
5 Biglkd) = 3 i) + 5 <(Selk) 1 SL (KD, (3.18f)
¢ 3
i _ 1
2 fre®A) = 3 fr(kKA) + g (CSexlk) Sr(k)>, (3.18g)
€ €
as well as for renormalized quantities
Eg=Eg + (S, aby)>,, = En + zé Dyoprsoe (BN KN Cbyep b, (3.19a)
)

- a)EI{ + wy EE
wﬁf = wi§,+ <|:SL(k): §2wk: ¢ = wig + k%,4wk§
‘ — =t

pd Dk&,—kf(krk,k’)\’)<a:{’)\’°‘k7{>r (3.19b)
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S &) = 3, (kA) +ng Ot sz (KA, KE) Dy p bl e > (3.19¢)
€ € &

The renormalized quantities (3.19) are corrected by the static component of the scatter-
ing operator and are temperature dependent through the exciton and phonon occupa-
tion numbers, whereas the quantities (3.18) contain both the static and dynamic
parts of the scattering operator. The latter contribution is made of a linear combination
of many-particle Green functions and is a complex quantity.

The square of the index of refraction, %?(k, w), is a function of the frequency w
and wave-vector k and depends on temperature through the renormalized quantities
(3.19). It describes physical processes of the polariton-type excitations, arising from
the exciton-lattice and exciton-radiation interactions in a dielectric medium. The
first two terms in (3.17a) represent the usual high frequency index of refraction

2 w

Neo=1— Py
where @7 is the square of the plasma frequency corrected by the component P,,(k, w)
of the scattering operator, which takes into account direct photon scattering arising
from the anharmonic interactions contained in H? + H3. The third term in (3.17a)
represents coupled excitations of the polariton type in the optical region of the spectrum,
including anharmonic interactions through the scattering components Py, (k,w) and
P,,(k, w). Its importance depends mostly on the exciton-photon couphng constant
frekX), given by (3.18g) and the anharmonic correction ({(Se(k);Sh(k)>> will be
neglected from now on, being of second order. The temperature dependence of the term
in question arises through the renormalization parts of the oscillator strength | FreelkN)[?
and of the excitonic energy EM, the magnitude of the thermal effects depends on the
strength of the quartlc anharmonic coupling functions appearing in HZ,;; and ;. —-
The usual expression for the polarizability in (3.17a) is modified by the lattice response
function 1 — A(k, w), the importance of which is given by the magnitude of the exciton-
lattice coupling function gy (k) ; this modification can be substantial in polar crystals,
where the Frohlich interaction is usually important. It results in an indirect lattice-
radiation coupling via exciton states.

The fourth term in (3.17a) is a lattice contribution representing polariton-like
excitations, in which the second-order oscillator strength |P,;(k,w)|? arises from
anharmonic interactions between the radiation and the lattice; it contributes to
%%(k,w) only in the infrared region and it will be discarded from now on. The last
contribution in (3.17a) is a higher order correction, which will be also neglected; it
represents anharmonic couplings between the exciton, phonon and photon fields and
it can be split into two corrections to the third and fourth terms of 7*(k, w).

The Green functions (3.16) describe the behaviour of the coupled system, which
consists of the exciton, photon and phonon fields. These fields are coupled through
the H! interactions and the Green functions have, therefore, the same poles or singu-
larities located at the energies w,(k), which are solutions of the secular equation

w?Re72(k, w) — c2k? =0, (3.20)

For a given wavevector k, these roots w,(k) give the renormalized polariton energies of
excitation with branch index p. The excitation spectrum will be examined in the
following section in successive approximations. But, before that, we will consider
three limiting cases, which will be needed later.
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Limiting cases

a) In the range of wave-vectors where dispersion can be ignored, we can let
[ fe(kA) |2 vanish and then from (3.16), we have

1 Eoy + Pk, 1
Dk, w) = (= it Pl o) — (3.21a)
7| w? — Ei/\ + Pk, w)|1—AK,w)
1

Dk, ) — () [ =2 _
™ _wz—cﬁif‘ 1 - Ak, w)

Dk, w) = (1) - ok ] (3.21c)

T wz—csz—G)I’;

: | (3.21b)

In this case the exciton and the phonon fields are coupled, while the photon field is
independent. D5(k, w) is the bare photon Green’s function corrected for direct photon
scattering effects through &32. The excitation spectrum for the photon field is determined
by the roots of the equation

w? — K — w? — Re Pyy(k,w) =0, (3.22a)

while Im P,,(k, w) describes various photon decay mechanisms. The excitation spec-
trum of the coupled exciton-phonon fields is determined by the roots of the following
equation, which is obtained by equating to zero the real part of the denominator of
(3.21a) or (3.21b), i.e.,

(w? — Re@t [w? — Re E}) + Re P (k, )] — Im &, [Im El — Im P4k, w)]

— 3, 40, gl (KN [P Re [E 1y + Pk, )] =0, (3.22b)
Aé

whereas its imaginary part, I'’(k, w), given by
— (w* — Re@},)[Im B2 — Im P3,(k, w)] — Im &2 [w? — Re E}, + Re Py (K, w)]

— 3 4wl (RN) |2 Im [E ) + Pyy(k, w)] = TP (K, w) (3.22¢)
pY;

represents the lifetime broadening arising from the various scattering events leading
to the decay of the incoming particle. The results obtained in this case AT similar to
those achieved in the lowest order when the exciton-photon interaction Hly is treated
within the framework of perturbation theory.

b) The specific case, where the exciton and the photon fields are coupled, while
the phonon field is independent, occurs when the exciton-lattice interaction is vanish-
ingly small. Taking the limit |gy(kA)|?> = 0 in (3.16) leads to

Dgx(k, w) = (l) Ek/\ + P14(k’ w) ] [wz c2 k2 (’;')5
o

w? — B2, + P (k, )| [0 72k, ) — 2R
r(K, @) = (1) ok (3.23b)
D [w?#72(K, w) — ¢ kﬂ]’ '

(3.23a)
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u 1 wkf
Dikw) =\=||—Z7—=1I (3.23¢c)
B2 1 « dck|f. (KN|HE,, + P,,(k,
ﬁﬁ(k,w) _1_ wWp _2_ ¢ lfke( )Nl [ M_L_ 14k, w)] _ (3.23d)
w2 w : [wz = E]f'/\ + P14(k: CU):I

The excitation spectrum of the mechanical phonon field is given by the roots of the
equation

w? —RedZ, =0, (3.24a)

while the energies of excitation corresponding to the bare polariton spectrum are
determined by the solutions of the equation

w?Ref2(k, w) —c*k*=0. (3.24b)

Both spectra include corrections arising from anharmonic interactions. The Green
functions (3.23) give the same results when the bare polariton-photon interaction is

treated by means of perturbation theory, as it has been done by Bendow and Birman
[12].

c¢) Finally in the case when the three fields are independent of one another, then
from (3.16) we have

DE(k, w) = ([ _Bat Pulw) ] (3.252)
o \7" _w2 - E‘i)\—{— Pl Kk, w)
F 1\ [ ck
Di(k, w) == » (3.25b)
\7) | w? — 2R — &2
F 1 i wkf
DIk, w) = =) —X—|. (3.25¢0)
\T" _w2 —_— &jif

The Green functions DE(k,w), DE(k,w) and Df(k,w) describe physical processes,
where free excitons, free photons and free phonons are scattered independently by
their own anharmonic fields respectively. The excitation spectrum of each field is
described by the poles of the corresponding Green function.

IV. Excitation Spectrum

We shall discuss the excitation spectrum for the three coupled fields described by
the Green functions (3.15) or (3.16). In this section, only the static approximation will
be considered, while dynamic effects will be discussed in the next section. In the static
approximation, the Green function D(k,w) is given by the first two terms in the ex-
pression (3.15). Since two terms are involved in the expression (3.15), the excitation
spectrum will be considered in two successive approximations.

a) Zero-order approximation
In the zero-order approximation, all anharmonic interactions are ignored and the
scattering operator is, therefore, set equal to zero; i.e., only the first term in (3.15) is



Vol. 45, 1972 Absorption and Light Scattering in Insulators 1017

retained and it will be denoted by the subscript (00). Then, from (3.16) or (3.7) and (3.8),
the Green functions can be written as

Dok, o) 1( E, ) (w? — 2 k% — w?) 1 4.1a)
ex(0O)\K, w) = — . ) Jda
T \w? — Epy) [0 030K, @) — 2 k] [1 — Ay k, w)]

1 k
Drolk, ) = — - , (4.1b)
™ [w ik, @) — c242]

D (k, w) 1 Wy w2—02k2—-w§—40k% |fk€(k’\)I2Ek,\/(w2~ElfA)
’ w)= — |
L(00) m\ w?— wif [wz"]%om(k, w) —c2 kz][l _ A(OO)(k, w)]

(4.1c)

where the square of the index of refraction and the lattice response function are given
by:

T () = o — de kZE""'f"‘ L — 423
(w* — EL ) [1 — A g0k, w)]
0.)2
n2=1--2, (4.2b)
w
E (kX)
1— A gy k,w)=1—4 z w"fE'jlé(y"f s 1 (4.2¢)
(1) - w k¢

(4\)5

In (4.2a), the e-summation runs over the two transverse polarizations of the photon
and the A-summation is extended over all the indexes and quantum numbers which
characterize the exciton. The latter is also applied to the exciton index A, which appears
in the lattice response function, where the £&-sum runs over all the phonon branches;
this restriction to the A-sum in the lattice response function is denoted by the paren-
theses affecting the exciton index (A) in (4. 2c)

The square of the index of refraction 73, (k, w) is a well-behaved function of the
wave-vector and the frequency. Its first term 72, given in (4.2b), is the usual high
frequency dielectric function, which is obtained when the limit of large w is taken.
Its second term represents coupled excitations of the dressed polariton type, the
dressing being represented by the lattice response function defined in (4.2c). It can be
rewritten in terms of the usual exmtonlc polarizability e« (k, w) which represents
the dispersion effects contained in H..

Ep| fr&A) [
Bl =y i ket 432
(00) E)te B, — (4.3a)
4:Ck a(OO)(k, CU)

. (4.3D)
w? 1 — Ak, w)

7)?00)(1(: w) = 7730+

It can be seen that the exciton-phonon interaction H., results in a modification of the
usual polarizability contribution by the lattice response function—or lattice polariz-
ability—which represents the polar field correction. Its importance depends on the
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magnitude of the exciton-phonon coupling constant gyg(kA), which can be large in
polar crystals, where the Frohlich mechanism exists. This interaction induces an in-
direct photon-phonon coupling via exciton states, which shifts the dispersion frequency
E\) of the polarizability term to higher energies and introduces a new dispersion
frequency in the neighbourhood of phonon energies. If the present model is applied to
the case of CdS, as has been done by other authors [3], [4], [12], we find, using the data
of Rode [13], that the coupling via Frohlich interaction alone between the 1s exciton
of the A series and the LO phonon shifts the zeros of the denominator in (4.2a) by
7 meV towards higher energy.

The expression (4.2a) for the index of refraction can be compared with the ex-
pression of Bendow et al. [12], [14]. If we consider, as they did, that the mechanical
oscillators—excitons and phonons—are weakly interacting, then we can take in the
lattice response function the limit of small |g,¢(kA)|?> and expand [1 — A g (k, w)] ™" in
power series of /) (K, ). Then, retaining only the first term, we recover Bendow’s
expression for the dielectric function.

The behaviour of the system of dressed polaritons in the absence of any anharmonic
interaction is described by the functions (4.1). Their common poles, located at the
energies wyg) (K), are solutions of the secular equation

w? n(z()o)(k, w) — 2 k% =0. (4.4)

The energies of excitation wygg) (K) describe the dressed (by the phonon field) polariton
modes with band index p and wave-vector k. The number of branches is, of course,
equal to the total number of modes and, hence, no analytical expression for w o) (k)
as a function of the wave-vector will be given. The excitation spectrum has to be
computed numerically for actual crystals with appropriate values for the bare modes
energy and coupling functions. If we consider the simple case of a crystal with a single
exciton level coupled to a single phonon branch, it can be said that, for a wave-vector
such that ck is in the excitonic region, the two branches in the high energy part of the
spectrum are mostly polaritons with a small phonon content, while the low energy
branch is mostly phonon with a small polariton contribution. The degree of mixing
depends, of course, on the strength of both first-order coupling functions.

The dressed polariton excitation spectrum is also obtained through a complete
diagonalization of the first-order Hamiltonian A° + H!, which can be written as

0l
# 00 = ooy + kZ @ 5001 ) ¥ 00y ) ¥ po0) () - (4.5)
P

In this expression, E g, is the average energy of the dressed polariton field, w0y (k)
is the energy of excitation of the (pk) dressed polariton and y o) (k), ¥ p(o0) (K) are the
dressed polariton (pk) creation and annihilation operators, in the zero-order approxi-
mation respectively. These dressed polariton operators are made of the admixture of
exciton, photon and phonon operators given by

0= 2 (145 () ¥ 00y () + 58 (K) 7 S0y (—K)],
b =2 [y (&) 00 (K) + 75 () 3 g0y (), (4.6)

A = 3 [1EOK) ¥ 00 K) + 2O (K) 3 o0 (K,
P
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together with the complex conjugate relations for the creation operators. The ampli-
tude #§ (k) and 05> (k), j = A, £, €, of the Bogoliubov’s canonical transformation (4.8),
which brings the Hamiltonian H° + H' into the diagonal form (4.5), can be obtained
by performing the canonical transformation and using the appropriate commutation
relations. It is a rather lengthy and tedious procedure and they are more easily obtained
using that fact [15] that the #’s and v’s are equal to the distribution functions taken in
the limit of zero temperature. Bendow’s [14] coefficients ¢ and ¥ can be recovered from
ours if the first-order exciton lattice coupling is ignored by setting |gy¢(kA) |* =0 and
taking w} = 0. This leads to the limiting case b) of the preceding section, where polari-
tons interact anharmonically with bare phonons.

It is known that the dielectric function is proportional to the exciton Green
function [11], [6] so that the absorption line shape is given by the exciton spectral
function Je,og) (K, w). Since all quantities in (4.1) and (4.2) are real, the exciton Green
function is real. Hence, the spectral function and, therefore, the absorption coefficient
consists of 8-shaped lines, peaked at the poles w o) (k)

]ex(oo)(k, w) = (eﬁw —1)~14 1_1_1’>n0 [Dex(()())(k’ w —t€) — Dex(oo)(k, w + 1¢€)]

B [1— A({)O)(k’ w)] W5 00) (k)
— 8(w + w0y (K), @7)

where B= (kg T)~! with k5 being the Boltzmann constant and T the absolute tempera-
ture. We have used the screening factor A ) (kp) defined as

[8((” - wp(OO)(k))

dor? nlooy (K, w))‘ .
2
dw w=wy(p0)tk)

This factor represents the effect of the polarization of the medium and is closely related
to the energy transport velocity [4], [16]. Far from the dispersion region or if the
dispersion is weak, the screening factor reduces to

(4.8)

/\(00) (kp) = (

Aoy (Kp) = Mooy K. wp(OO))'

As has been said earlier, the distribution function obtained from (4.7) obeys the
relation [11]

+ o

lim (1) o = lim [ Tk, ) deo = > $0%) — oK) 2.
—o

b) Zero-ovder renormalized approximation

In this approx1mat10n we take into account the static part of the scatterlng
operator {[S(k), B}]_>,_,-, the second term in (3.15), while the dynamic component is
ignored. To calculate the matrix elements of this correction, we will assume that all
the average values of single operators as well as those of products of operators corre-
sponding to particles of different kind represent second-order contributions, which can
be neglected. The remaining contributions are given by the last terms in (3.19) arising
from quartic anharmonicity.
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The thermal distribution functions, which appear in the last terms of (3.19) are
calculated in the zero-order approximation, using the Green functions (4.1). They are
given by
A 0oy(Kp) i ckag0)(Kp)
wp(OO)(k) [ == A(OO)(kp)]z

(apmgy =N k) = > Ei — wp«x»(k)]

Ep) + wp00)(K)

1 w w
T coth B—g = Z|v§&°)(k)|2coth B ; a8 (4.9a)
kA

- = — A (kp) 4cke (kp) A (kp)
Ougbig) o0y = ,;500) (k) = Z s (00) g
P wP(OO)(k) [1-— A(OO)(kP)]

_ = wkng coth Bwpoo) _ 2 o (00) k) + .U(OO) k)|? coth fu 2Pf°°) (4.9b)
Wig — @Wp00)(K)] 2

For a vanishing first-order interaction H?, (4.9a) and (4.9b) are reduced to the well-
known distribution functions for the free exciton and phonon fields respectively, i.e.,

1-
<°ck)t°tk/\>(00) =1

= =t BCU

Gugbieon = coth —X =1+ 2N¢(). (4,10
Since the exciton energy is much larger than the thermal energy, the exciton distribu-
tion function is very small and can be neglected. Hence, the only non-negligible contri-
butions are those proportional to the phonon occupation numbers. The excitonic
energy is corrected through the second term in (3.19a), which amounts to

AE(T) = 3 Dypiop kA KN NJV(K), (4.11a)
e

and represents the energy shift arising from the scattering of the (kA) exciton into
itself with simultaneous emission and absorption of (k’¢’) phonon. The exciton-photon
coupling parameter fi(kA) is renormalized by

Af, (KA, T) = zak e kA ke) NPOK), (4.11b)

the interpretation of which is similar to that of 4E(T).

Both quantities in (4.11) are functions of temperature through the phonon distri-
bution function. At high temperature, they are linearly increasing functions of T, and
independent of temperature for 25 T < w0y (K). Both contributions arise from quartic
anharmonic interactions among the dressed polaritons and, therefore, do not vanish
in the absence of first-order coupling H*.

Upon replacing the exciton energy and the oscillator strength by their renormalized
values Eyyand | fi(kA)|2in (4.1) and (4.2), we obtain the zero order renormalized Green
functions and the corresponding secular equation. From the latter, we can derive the
renormalized excitation spectrum w,)(K), which is temperature dependent and slightly
shifted with respect to w,goy(k). Since both renormalizing terms (4.11) are real, the new
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Green functions are still real and the renormalized spectrum is also made of §-shaped
line peaked at the energies w() (k). The significance of the temperature dependence of
the excitation spectrum and the magnitude of the energy shift wpq)(K) — wpo0)(K)
depend on the importance of the renormalization terms, hence on the strength of the
anharmonic interactions H.,;; and H2g, .. In (4.11), the summation is extended to all
phonon branches ¢’ and wave-vectorsK’. It is possible that, in polar crystals, where the
Frohlich interaction exists, renormalization may be of some importance. Thus, the
inclusion of the static part of the polarization operator results only in a temperature
dependent shift of the excitation spectrum.

V. Line Shape of Absorption Bands

To study the dynamic effects, which govern the shape of the absorption bands,
we have to use the complete expression for the Green function (3.15) or its components
given by (3.16)—(3.19). The dynamic part of the polarization operator is described by
the function P(k,w) = {{S(k);S"(k)>>, which is, in general, a complex quantity and
represents various scattering processes caused by the anharmonic parts of the Hamil-

tonian H? + H3. Taking the imaginary parts of the expressions for the Green functions
(3.16), we find

b

I DOk, w) _{) Ok, w) f(k,w)—[szeﬁz(k,w)—czkz],(‘f.(k,w)/ﬂ(k,w)
w? — E}, [w? Re P (K, w) — 2 k22 + [k, w))2

m

(5.1a)

—Im Dg)(k, b = (ﬁ) F(k, w) — [w2 Re ﬁz(k, w) — CZAkZJ 'P(k, w), (5Ib)
1] [w?Rei(k, w) — 2 k22 + [k, w)]?

— Im DP(k, w) = (wkg)( Bk, ) )I‘*(k, w) —[w? Re (K, ) — 2 #] §(k, w) Bk, )
£

7 \w? — o [w? Re (K, w) — 2 B2 + [k, w)]?
(6.1c)
Use has been made of the following notation:
Eg=Eg+ReP(kw), EL=EL+2E,ReP Kk w) (5.2a)
Qg = wie+ Re Pyy (K, w), (5.2b)
@} =w? + Re Py, (k, w), ' (5.2¢)
E,+ReP k,

Ok, w) = P 14k, )] (w? — 2 R? — &%), (5.3a)

[1—Re Ak, w)]

(w? —c2k* — @2

" [1—Red(k w)]

pk, w) [Im(Pn + Py — (Ek)\ + Re P,,)

Im Py, Im P,
x (( + )] (5.3b)

w? — Dig) (w? — 2Rk — @?)
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vk w) =

1 . [2EM Im P, . Im P;,
[1-Redk, )] | (@*—E}) (0 —afy

n Z4wk§|§k§(kA)|21m(P11 + P14)} ’

T (@B (0 —apy
(5.3c)

_ ! PP i 7]
Bk, w) [l—ReJ(k,w)][w &2 B# — o Ze (wz—f’fi,\) (Eyy + Re Pyy) |,

(5.3d)

(w? —c*k* — ®2)[2E,, Im P Im P
S(k,w) _ 2 KA 11 n 22

[1-Red(k,w)]| (w?—E2) (0?—*k—&})

N Z 4ck1f;{€(k)t)[21m(P11 + Ppy)
(@ — B2 (@ — 2K — &)

Ae
(5.3e)

Thereal parts of the square of the index of refraction and of the lattice response function
are given by

ReP,, 4ck (E,, + Re P
Re (K, ) = 7% — ——2 — — Z kN P(Eg + Re P (5.44)
? E2)[1 — Re Ak, w)]
(&N)|2(E,, + Re P
1-Red(k,w)=1— 42‘“k£lgk5 N*(Eg + Re Pyy) (5.4b)

(w ——Ek/\)(w _wk.f)

The damping function, T (k, w), describes lifetime effects arising from the anharmonic
interactions and has the form

'k w) = — Im P,,
Im P,,

- _ [2 2R — *2+4kz_kafkf_ﬂ]

(w? — @2,)[1 — Re A(k, )] = (B - ?)

2Ek/‘ Im Pll
— - (w?> =2k —@7)
(@? — EZ)[1 — Re A(k, w)]

kz |fk€k)\]2

Im(Pyy + Pya)
[l—Re/lkw

4w, 4|8, (KA
+ (w? — 2R — &?) Z w]fflgkf( L. (5.4c)
: (@2 — E})(w® — dfy)

In deriving the spectral functions (5.1), only linear terms in P(k, w) have been retained.
In the expressions (5.2), the renormalized energies in the zero-approximation are
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corrected by additional self-energy terms. The excitonic energy Ey) is modified by the
self-energy Re P, (k, w), originating from the various anharmonic processes leading
to the scattering of the exciton mode. Writing P, (k, w) explicitly in terms of Sex(k, w),

it can be shown that all the cubic and quartic components of the Hamiltonian, except
H}r., contribute to the expression for RePu(k w). There is also an off-diagonal
contribution, Re Py,(k,w), which appears in (5.3) and (5.4). Similarly, in (5.2b) and
(6.2¢) the phonon and plasma frequencies are corrected by the self-energy terms,

Re Py;(k,w) and Re P,,(k,w), arising from direct phonon and photon scattermg
processes respectively. The functions, §(k, w)/(w? — E ) and B(k, w)/(w? — dig), where
f(w) and B(w) are given by (5.3a) and (5.3d) respectlvely are the exciton and phonon
correlation functions, respectively, with anharmonic effects being included.

The square of the index of refraction is defined in (5.4a). The lattice response
function (5.4b) contains anharmonic effects with both exciton and phonon energies
being renormalized; the exciton-lattice coupling function |gge(kA)|?, (3.18f), takes
into account anharmomcally 1nduced interactions, which bring in the non-diagonal
interaction term, |{{Sex(K) ;S (kK)>>|? even in the absence of H 1. In (5.4a), the second
term 1s a new contribution arrsmg solely from anharmonicity, which describes the effect
of direct photon scattering processes. The third term in (5.4a) is the usual contribution
from the excitonic polarizability, modified by the lattice response function, and
describes dressed (by the phonon field) polariton type excitations. The oscillator
strength | fi(k)) )%, (8.18g), includes a non-diagonal coupling function due to anhar-
monicity. Hence, it can be seen that in the case where direct first-order coupling H.x
does not exist, the three fields are still coupled weakly through anharmonlc 1nteract10ns
with mduced non—dlagonal coupling functions of the form |<<Sex( );Sr(k)>>|*> and
[{(Sex(k);SL(K)>>|?, respectively. The index of refraction Re?(k, w) glven by (5.4)
can be compared with the dielectric function of Bendow and Birman [17], whose
Hamiltonian is similar to ours. They have treated the exciton-lattice interaction Hy;
perturbatively and hence do not obtain its influence on the polarizability represented
by the lattice response functlon We can recover their results from (3.17a) by incor-
porating the effect of H., into P,,(k,w), in which only H?,, anharmonic interaction is
retained, dropping the renormalization terms and neglecting the imaginary parts of
the numerator of the third term in (3.17a). Their functions [17] 4(kE) and I" then
correspond to those of Re P, and Im P, respectively. Therefore, Bendow and Birman's
[17] expression for the dielectric constant does not include all the anharmonic effects
arising from their V® L ¥® and it can be viewed as a linearized form of 7 (k, w) with
the direct photon scattering processes discarded.

The damping function IE k,w) is given by (5.4c). The importance of the damping
function depends entirely on the strength of the anharmonic interactions. In I'(k w),
(6.4c), the first term describes the hfetlme of the photon part of the polarrton Con-
sidering that Py, (K, w) = {(Sk(k);Sk(k)>> and the definition of Sk(k) given by (3.10b),
then the expression for Im P,,(k,w) describes direct photon scattering processes,
which is present even in the absence of dispersion. The second term in (5.4c) describes
the decay of the phonon part of the mode, whereas the last two terms represent the
exciton contribution to I'(k, ). Thus, the damping function consists of a linear com-
bination of various decay processes arising from the interaction of the mode in question
with the anharmonic parts of the three fields respectively.

We will proceed now with the evaluation of the two- and three-particle Green
functions, which appear in the components P;;(k,w). A rigorous calculation of these
Green functions can be done only through the use of the total Hamiltonian H, which is
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rather an impossible task. For our problem it will be sufficient to calculate the Green
functions appearing in the expression for P;;(k, w) in the first approximation by means
of the zero-order renormalized Hamiltonian

ol
Ky =Eq + Z @ 50 )')’;(0)(1‘) ¥ o0 (K). (5.5)

In this approx1rnat10n, the two- and three-particle Green functions are transformed
into the new representation of dressed polariton modes and then the two- and three-
dressed polariton Green functions are calculated by means of the Hamiltonian (5.5).
Owing to the diagonal form of the Hamiltonian (5.5), mixed type Green functions
consisting of an odd number of operators do not contribute. In this approximation,
the imaginary parts of the two- and three-dressed polariton Green function have
delta-function distributions respectively.

The canonical transformation which diagonalizes the Hamiltonian H® + H! into
the dressed polariton form (5.5) is defined in (4.6), but its coefficients uw) o (k) and v(o) k),
7=A, € & are now calculated in the next approximation, i.e. using the Zero- order
renormalized Green functions. The only difference between these coefficients and those
of the transformation (4.6) lies in the fact that the u(g) (k) and v(o) (K) contain renormal-
ized expressions for the exciton energy and the oscillator strength

The two- and three-dressed polariton Green functions have been calculated in the
Appendix by means of the Hamiltonian (5.5) and are given by (A.3) and (A.6) respec-
tively. It is shown that they have poles at the energies

wy = :*:wp'(())(k’) =+ “’p"(())( .
wy = 3w y)(K") £ w0y (K") £ @ rg)(K”), (5.6)

respectively. w; and w, are the resonance frequencies corresponding to the first- and
second-order scattering mechanisms and Equations (5.6) express the appropriate
energy conservation conditions. In this same Appendix, a general form of the matrix
element P,;(k,w) is derived. Upon expressing its coefficients I'y,(k'p’,...) in terms of
the anharmomc coupling functions, one can see that the latter are screened by the field
of the outgoing modes through the coefficients u(o) (k) and v(?)) (k). This results in a reduc-
tion of the bare scattering amplitudes, the magmtude of which depends on the first-
order coupling functions. The expression (A.8) shows further that P,;(k, w) is a function
of the occupation numbers #n,(k) of the outgoing modes and hence, is temperature
dependent. Notice that in (A.8), the cubic and quartic anharmonic terms are linear
and quadratic with respect to the occupation numbers respectively.

In the expressions (5.1), only the diagonal elements of P,;(k,w) as well as the
off-diagonal element P,,(k,w) remain as important contributions. They describe
physical processes where the incoming particle (photon, or bare or dressed polariton)
decays into two and three frequency modes. The scattered (or outgoing) modes can be
either bare or dressed depending on the strength of the first-order interactions in the
range of frequencies of the outgoing waves. Considering that when a frequency mode
is dressed then its anharmonic coupling function is screened and its magnitude is
reduced, therefore the decay of dressed polaritons into bare modes is more likely to
occur.

The behaviour of the dressed polariton system is described by the shape functions
(5.1). The exciton spectral function Im DX (kw) is proportional to the absorption
coefficient in the electronic part of the spectrum, whereas in the infrared region, the
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latter is proportional to the phonon spectral function Im D% (k, w). This last function
is only an approximation to the true lattice absorption since our model does not contain
the lattice anharmonicity. Finally, the phonon shape function Im DY (k,w) is pro-
portional to the scattering probability for the electro-optic effect [18].

The functions (5.1) describing the system of three coupled fields have all the same
first-order excitation spectrum with energies w)(k) given by the roots of the secular
equation

w?*Re#H2(k,w) — 2k =0 (5.7a)

The first-order dressed polariton excitation spectrum wy) (k) differs from the zero-order
renormalized spectrum because it contains now self-energy effects due to anharmoni-
city. Thelatter does not induce new roots of the Maxwell equation (5.7a). In the vicinity
of the dressed polariton energies w1 (k), the equation (5.7a) can be expanded in power
series and retaining the first non-vanishing term, we have

; G (kp) (w? — w2y (k) =0, (5.7b)

where we have introduced the screening factor

dw? Re 72 (K, w))
w=wp1y(k)

dw?

A(_I;(kP) = ( = A(—];(k, wp(l)(k))' (5.8)

Then, the exciton spectral function (5.1a) can be rewritten as

o D = L5 ) L) o~ ]t 0t )
T (w® — Eyy) [w? — wiy(K)]* + [Tk, w)]

(5.9)

This expression is valid only in the neighbourhood of the excitation energies wy)(K).
In (5.9), the subscript s affecting any function f(k,w) means that this function is
screened by the polarization of the medium according to the definition

sk, w) = Ak, p) f(k, w). (5.10a)

If, furthermore, the functions I sk, w), 8k, w) vary slowly with w for w close to
wp(1)(K), then they can be replaced by their values I'y(k, p), 0,(K, p) at w = w,n)(K).
Then, for frequencies w close to the energies of excitation wy)(k), the absorption
spectrum is approximately described by the expression (5.9), whereas the shape func-
tion (5.1a) is valid throughout the entire frequency range.
The expression (5.9) consists of two terms. The first one describes a Lorentzian line

~

— Im DOk, w) = (1)( Ok, ) Lfk,a) . . (5.10D)

o —E) [0 — wfy(®)] + [Tk, o))

If the frequency dependence of ﬁs(k,w) can be ignored, the line is symmetrically
broadened and peaked at the renormalized polariton energy wyq)(K). Its spectral
width is of the order of I'((k, p) in energy units, provided the energy w,q)(k) satisfies
one of the arguments of the 6-functions appearing in the damping function; this means
that w1 (K) must satisfy at least one of the relations (5.6). If the frequency dependence
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of the damping function cannot be neglected, then the broadening of the line is asym-
metric and the maximum of absorption is reached for some energy close to wpm(K).
The smooth variation of the function w?Re#?(k,w) in the absorption region results
in a large screening of the damping function which is superimposed to the screening
by the fields of the outgoing modes. In the limit when the damping function vanishes,
which is the case when w,1y(k) does not satisfy any of the conditions (5.6), then Equa-
tion (5.10b) has a delta function distribution, i.e.,

8.k, w)

—Im DOk, w) = | ———
w? — E&y

] 8(w? — w2y(k)), for Ik, w) — 0. (5.11)

For frequencies, which are not solutions of the secular equation, but close to
wpm(K), the second term of (5.9) must be considered. This term, which vanishes
identically at the renormalized polariton energies w,)(k), contributes to the line
shape for w # w,(1)(k) and results in an asymmetric broadening of the absorption band,
provided that w satisfies at least one of the arguments of the §-functions contained in
f(k, w) given by (5.3b). It is an anharmonic induced contribution to the exciton spectral
function, linear with respect to the components of Im P, ;(k, w). The function i(k, w)
describes theinterference arising from the simultaneous presence of the three interacting
fields and it will cause some asymmetry to the absorption band in the neighbourhood
of frequencies wp(1)(k). It is also possible to produce side bands at the band edges of the
main line at w,)(K). To investigate this possibility, we consider the solutions of the
equation

d [k o) — (w?Rei?(k, w) — ¢ k) a(K, w)/0(K, w)
dw? (w? Re 2 (K, w) — c2k?)? + (['(k, w))?

=0. (5.12a)

If v,(k) are the solutions of Equations (5.12a), we assume that near these energies the
functions I'(k, ve) = I" and p(k, v,)/0(k,v,) = M may be considered as constants, then
(6.12a) gives:

I
viRe i (k,v,) = 2R = — (1= V14117, (5.12b)

The energies v, (k) correspond to the excitation spectrum of the side bands, and the
exciton spectral function at w = v, (k) =, is

— Im DOk, v )—_ 0k, v,) | () ! . (5.12¢)
a0 v—Eu|\ T ] axvV1+11) '

The spectral widths of the side bands are of the order of (F/M 2)(1 & 4/1 + M?). The
existence of such side bands depends entirely on the value of M. The present analysis
indicates that asymmetric broadening of the absorption bands does not depend only
on the w dependence of Re#?(k, w) and I'(k, w), but also on the strength of the function
pk,w)/0(k,w).

Thus, the exciton shape function (5.1a) describes the absorption spectrum in the
presence of anharmonicity, when the propagating mode is scattered into two or three
outgoing particles. These scattering events lead to the decay of the renormalized
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polariton wyy(k) and are described by the damping function. I'(k, w) represents the
decay rate of lifetime of the renormalized polariton and is a function of the various
scattering probabilities.

The photon and phonon spectral functions can be discussed in a similar fashion.
Inspection of Equations (5.1) indicates that the first term is common for the three
fields and, therefore, describes the same excitation spectrum. Differences occur only
in the amplitudes of the correspondmgr spectral functions, because of the different
Correlatlon functions: f(k, w)/w? — E})for the exciton, ck for the photon and wigB(k, w)/
w? — @g for the phonon Quantitative differences arise when the second terms are
considered; the structure of the side bands is different for the three fields (5.1). This
is due to the fact that the damping functions p(k,w), p(k,w) and §(k,w) given by
(5.3b), (5.3c) and (5.3e) respectively, consist of different scattering contributions.
However, the behaviour of the photon and phonon spectral functions is similar to that
of Im DE,},Q (k, w) and they shall not be discussed any further.

We consider now what happens when the first-order exciton-lattice interaction
H}, vanishes. This corresponds to the limiting case b) considered in Section III. In this
case the exciton and the photon fields are coupled, while the phonon field is independent.
The corresponding Green functions are given by the expressions (3.23a)—(3.23c). The
renormalized phonon energies are determined by the roots of Equations (3.24a), while
the expression for Im P,;(k, w) describes various decay processes due to exciton-phonon
and photon-phonon interactions. The behaviour of the coupled exciton-photon fields
is described by the exciton and photon Green functions (2.33a) and (3.23b) respectively.
Taking the imaginary part of the expression (3.23a), we have

1[ 6,(k, w)] (K, w) —[w?Re i (k, w) —c? k2] f,(k, w)/0,(K, @)
—ImD% (K, w) = —
2_F2 [w? Re 2 (k, w) — ¢2 k22 + I, (k, w)]?
(5.13)
where
0.k, w) = (Ey + Re Pyy) (w? — 2 B2 — @2), (5.14a)
fruk, w) = (w? — 2 k? — @2) Im(Py, + Pyg) — (B + Re Py,) Im Py, (5.14b)
o~ 2EM Im Pll
Lk w)=—ImPy; — | ——x— (wz—czkz—wg)
w? — Ei/\
| frelV) |2
— 4Ckz(cu_2:i_§g;)- Im(P11 + P14), (5140)
D2 dck  |f (KN)|?
2 =l ol o 5.14d
Refjifk,w) =1 - — 22@ — 53 Bt RePu). (5.14d)

The polariton excitation spectrum is given by the roots wy) (k) of the secular equation
w?Re#(k, w) — c? k? = 0. (5.15)

In this case, the polariton and phonon fields are independent of one another and,
therefore, the truncated Hamiltonian (5.5) becomes

H, () E(O) + kZp w;;(O)(k) )’;Io)(k) ’)’zm)(k) + é ‘”kg(br(gbkg o)., (5.16)
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This Hamiltonian can be used to calculate the two- and three-particle Green functions
contained in the expressions for P;;(k, w) in a similar fashion to that used previously.
The polariton operators y yq (k) and y;j(fo)(k) consist of an admixture of exciton and
photon operators only.

Since the expression (5.13) can be derived from (5.1a) when the limit g,s(kA) — 0
1s taken, both expressions describe similar excitation spectra. The difference is that
the function (5.1a) is more appropriate to describe the spectrum of polar crystals than
the expression (5.13). Therefore, the previous analysis for the dressed polariton
spectrum is applicable here for the bare polariton with the understanding of g,.¢(kA) — 0.
The poles of all matrix elements P;;(k,w) in the representation of (5.16) are located
at the energies:

wy, = Fwg)(K') £ wgg k"),
Wy, = tw ) (K') £ W, (6.17)
(Ulc = :I;wk.f, :l: wkngf,,

(corresponding to polariton-polariton, polariton-phonon and phonon-phonon decay
mechanisms respectively) for the first-order scattering, and four similar combinations
of three energies for the second-order scattering (three-particle decay processes). The
energy conservation conditions (5.17) indicate that the incoming polariton may decay
into two polaritons, one polariton and one phonon or two phonons respectively.
Let us con51der now the case where the electromagnetic field suffers no dispersion,

i.e., |fue(kA)|* = 0, while the exciton and the phonon fields are coupled and the corre-
spondmg Green functions are given by (3.21). The spectral functions for the bare photon
and dressed exciton fields are found to be

6%k, w)
- Im Dex(k w) ( ) (_Ez_)
w w — ]'(/\

Ik, w)—[1—Re AK, w)] gbk, )0k, w)

= : » (5.18a)
[(1 — Re Ak, w)]? + [k, w)]?
ok, w) —[1 — Re A(k, w)] §(k,
— Im D% (k, w) = (w"f Ik w) — (1~ Re Ak, w)] 0k, w), (5.18b)
m [1 — Re A(k, w)]? + [k, w)]?
b ck Im P,,
—Im DAk, w) = [— ; (5.18¢)
T ( —c? B — &7)% 4 (Im P,,)?
Use has been made of the notation:
0°(k, w) = E,, + Re P,,, (5.192)
~b = Im P,
v (k, w) = Im(Pu + P14) = (Ek/\ —+ Re P14) ﬁ ] (519b)
w mwkf)

i " Im Py,
87(k, w) = 2E, F o & (5.19c¢)
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ImPy,\ (ImPy)\ Z 4|8 kN |2 Im(Py, + Pyy)
¢ (5.19d)

and the expression for 1-Re/A (k, w) is given by (5.4b). The expression (5.18a) represents
the coupled exciton and phonon fields and is appropriate to describe the excitation
spectrum of polar crystals, when the oscillator strength for the corresponding optical
transition is extremely small.

The photon shape function (5.18c¢) is a Lorentzian line centred around the photon
excitation energy (c2k2 + ®2)* = wg(k) and having an energy width of the order of
Im P,,. The damping function Im P,, describes various scattering events leading to
the decay of the incoming photon. On the other hand, both the exciton and phonon
spectral functions are made of the superposition of two terms. The first term describes
Lorentzian lines peaked at or near the dressed exciton energies wf,’(l)(k), which are
determined by the roots of the equation 1-Re/(k, w) = 0. The broadening of the main
line is governed by the dressed exciton damping function I’ (k, ). The second term
vanishes identically at the dressed exciton energies wh,(K), but causes an asymmetric
broadening for frequencies w different than wf;)(k). In general, broadening of the
absorption spectrum occurs provided that the following energy conservation con-
ditions are obeyed

w, = :I:wg,(o) (k') + w'gn(o)(k”),
oy = £08 0 (K) + wg(K), (5.20
w, = twg(k') £ wr(k’)

)

Ik, w)= 2Ek,\(

a2
wz_wk

(corresponding to dressed exciton-exciton, dressed exciton-photon and photon-photon
scattering processes respectively). Similar relations hold for the three-particle scattering
processes. The conditions (5.20) are also valid for Im P,, and they indicate that the
incoming photon or the dressed exciton may decay into various combinations of photon
and dressed exciton modes. In the expression for Im P,,, the condition w, is associated
with the Raman scattering of photons by dressed excitons.

_ Finally, when the three fields are independent of each other, i.e., |gig(kA)|* =
| fke(kA)|? = 0, the spectral function for the photon field remains the same (5.18c), while
those of the exciton and phonon fields are decoupled and given by

. 1\ () + RePy)2EIm Py, + (0? — EY) Im(Py; + Pyy)
—ImDy(k,w)=|—|- = =
(w? — Elf,\)2 + (2E,,Im P,,)?

)

7 (5.18a)

Im P
— ImDi(k, w) = (“"‘f). - -zl? 33 - (5.18b)
T (w _wk.f) + (Im Ps3)

In the infrared region of the spectrum, the absorption coefficient is proportional to
Im Dj(k,w), which consists of Lorentzian lines located around the frequencies Dg.
In the visible region of frequencies, the spectrum is governed by Im D& (k,w), which
consists of the superposition of Lorentzian lines peaked at or near Eyy and of asymmetric
broad bands, provided the appropriate energy conservation conditions are satisfied.
The latter are now made of all possible combinations of two and three bare exciton,
phonon and photon energies. The components of P,;(k,w) may be calculated now by
means of the unperturbed Hamiltonian H® (2.2a).
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In considering the specific physical processes, where the exciton photon and
phonon fields are decoupled, we have made the assumption that the anharmonically
induced contributions given by the last term of Equations (3.18f) and (3.18g) respec-
tively are negligibly small. These terms may be of some importance in the absence of
first-order interactions between the fields. They consist of the non-diagonal matrix
elements of P;;(k, w), 1

Pk, o) = (51;) (Suxll); SHI)DY,

Pastl ) = 5] << SL00)

and
Pasll o) = (5] <<Sall0; L.

However, when the Green functions that appear in these expressions are evaluated,
say, through H?, the derived non-vanishing expressions are extremely small, Therefore,
they should be considered only whenever they make substantial contributions, which
may be the case when the first-order interactions vanish (from symmetry considera-
tions) in the presence of strong anharmonicity.

VI. Raman Scattering

As has been shown in the preceding section, the damping function I'(k, w), (5.4c),
describes the broadening of the absorption band arising from physical processes, where
the dressed polariton decays into two and three particles. Therefore, it represents the
decay rate of the particular mode and is a function of the various scattering probabilities
due to anharmonicity. Using the expression (5.4c) we rewrite the decay rate in the form

'k, w) = —|Im P,,(k, w) +

4ckRe (K, w) ( 2E,,

= = ImP,,(k,
[1 — ReAd(k, w)]? E[f/\—wz) Siae

4Ck Re &(k, w) Im[Pll(k, (_U) + P14(k, w)]

" [1—Red(k, w)?] Ey
" 4ckRe (K, wlRe/T(k: ) ‘ Im Py (K, w) , (6.1)
[1 - ReA(k, w)]? (Dpg — w?)

where (k, w) refers to the incoming particle and use has been made of the notation:

Z |fke EkA+ReP14)
E )‘—w)

The expression (6.1) is a linear combination of the damping functions Im P,;, the
components of which represent the anharmonic parts of the three fields that interact
with the frequency mode in question. The coefficients of the linear combination in
(6.1) connecting the various scattering probabilities can be expressed in terms of
amplitudes %G} (k) and ¢ (k) of the canonical transformation, which diagonalize the
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Hamiltonian into the dressed polariton representation. The decay rate can be, therefore,
written in the form

. B Im P,, Im Ps,
T'(kp) =~ ,0y(K) A(kp) [W" k) + 0O (K)|2—— + [ug) k) + v (K)|? ——
ck wkf
[Eq+ »*(K)] [Edy— w}(k)]
+ lug))( (T) IZH_kAEZ—Im P11 Iu(l) ) (1) lZ_Ez—Im P14 5
kA

(6.2)
where p is the branch index of the dressed polariton and the screening factor

dw? Re 72 (K, w)
Xaylkp) = ( - )
w=wy(1y(k)

dw?

represents the polarization of the medium. Considering that in the spectral function
(5.9), which is valid in the vicinity of the polariton energy, the damping function is
screened and, hence, the factor X} (kp) that appears in (6.2) cancels out. In the last
term of (6.2), the small off-diagonal component Im P, , is multiplied by a small coeffici-
ent so that its contribution can be considered as negligible

A general expression for P;(k,w) is given in the Appendix, calculated in the
harmonic approximation for dressed polaritons. In (A.8), the first sum represents the
decay into two outgoing modes and its imaginary part gives the first-order scattering
probabilities. The first term in (A.8) is multiplied by the factor (1 + 7, (K’) + 7,7(k")),
where #,/(K’) and n,/(k") are the average values of the occupation numbers of the out-
going particles and represents the Stokes component, whereas the anti-Stokes part is
multiplied by the difference between the occupation numbers. The latter is a thermal
effect which vanishes in the limit of zero temperature. The second and third sumin (A.8)
represent the decay into three outgoing modes and give the second-order scattering
amplitudes. The last term is a contribution to the second-order scattering, where two
of the outgoing polaritons having the same band index p and wave-vectors k, but
opposite energies cancel one another. It is a small static self-energy correction arising
from quartic anharmonicity and will be discarded. The second-order scattering
contribution can be divided into two parts, which behave differently as functions of
the temperature. The first one is multiplied by the factor

[1 + 7 (K)][L + pr(K") + 7o (K™)] + 70 (K”) 22,-(K")

and is the second order analogous of the Stokes component, which does not vanish
in the limit of zero temperature. The second contribution is made of three terms which
are multiplied by #y(K')[1 + #p-(K") + np~(kK")] — n,+(k") n,-(k") and which clearly repre-
sent thermal effects like the anti-Stokes component.

In the expression for Im P;(k, w), and hence in (6.2), the summations run all over
the wave-vectors of the outgoing modes and branch indices to give the total decay
rate of the incoming polariton. From this, we obtain the probability for the processes
where the incoming mode decays into two or three outgoing polaritons (k'p’), (k" p")
and (k" p"), which is proportional to the first- or second-order scattering cross section.

(@) First-order scattering

Using (A.8) and (6.2) together with the definitions of the components P;(k, w)
and taking the expression for the #’s and v’s for the incoming polariton in the zero-order
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renormalized approximation, for the sake of consistency, we write then the probability
for the Stokes process where the polariton (kp) decays into (k'p’) and (k"p") as

Wi (0" K7D") = 00y (K) X5 (k) | [D(K) + 0D(K) [2 Ry (K'p" K7p)

fp
+ [ () + vg)|* Ry (K'p' ")
+ |M(0) (0)(k |2 Rk,\ ’;k”p”)] X [1 + nP’(kl)
+ 7 (K")] 81y (0 0y (K) — @00y (K')— @ 0K, (6.3)

where we have made the following definitions:
Rke(krpr’knpﬂ) _ | Z [ug?;'(k’) (0) (k”) (0) (kl) (0) (k”)] % [F " (kaf klfAIf)
+ FX (k') KX)] + zf”[u“” (k') + oK) [ (K”)
Vg (K")][Gyopr(K'€’, —Ke) + Pyopo(ke, —K'€)] + z [0 (k")
(0) (k”)}[ (§0) (k’) + U(O) ¢k§ ” ”,_ke + ¢k§ ke _klf II):l|

+1 S [0 (k") — v ()] [ 2 (k") + 25 (k)] Oyepell'X', —kee)

e &
2
+ 2 [ ) — vl ()l D) + v (k)] by (kN —ke) |

(6.4a)
R (K'p' k"p") =| z[ug‘?;,(k') Vp(K”) + w0 (K 9% (k)] X [G_pp (KX, K"X)
+ GL (kA K'X)] +z[u‘°)( k') + 09, () [ (k")
—|-'U(0»)” kr/ :H:¢ k§ € ,k”f” +¢'ik§ ”" r/ kr f)] 2

|2 [0, 6) — o k[0 0") + 0 (k)] g KX

g
+ d gy (K A')] + interch. + AZ"[%S‘?’)"(k’) - vg\?;,(kf)][ugel))y(k”)
+ 00 (k")] 61 (k'X' K"€") + interch. |, (6.4b)

R, (ko k'p" ,[ Azf”um) (K)[ugop(K") + vgors(K")] Gy (KA, K'X') + interch,
+ z uf{?;,(k')[ug?),,(k”) + 0K [ F o (KA KX+ Fo (KX, KN)]

+ 1nterch +> [u(o) k') + véo) (K')J[u g)) (k")
25
+ 0 K a0 + g ON)] + 3 [y )
i yg’);,(kl)}[u(g)”(ku) + v(O) (k")] Oy (KA, k” ”) +interch.|* , (6.4c)

n,(k) = (yp(K) v, (k). (6.5)
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The coefficients of the canonical transformation are given by

0 ; ; Ck’
| (k') + v (k') | = (—

1
Xo(K'p),
wp’(O)(kl)) °

»

o)\ # s TAck! oy (K’ p’) Ao(K'p’) ]}
lu?;,(kmg?;«k'n=("°“‘P>))( e )[4ck olK'p) Ao(K'p)

wp’(O)(k' “’i’f’ - wfz)'(())(k’) [1- Ao(k'P')]
Aok’ )\ E. .. Ack! ao(k'p)]? sl
luﬁ?;,<k')l=%( ot N (“’P_“”‘ ’+1),
@ 0)(K') \Ex — @k’ [1 —Ao&'p)] \ Epy

( Ao(k’P’) )J" E kX )J" [4ck’ o (k'P')]% (“’p'(()) (k')
(k")

- Aial 1)- (6.6)
wyoK)) \E v — ‘”,2:'(0) [1—Aok'p)] \ Epy

© .1 _
|UA'p’(k )I -

[

The dressed polariton scattering probability (6.3) is expressed in terms of the
functions (6.4a), (6.4b) and (6.4c), which represent contributions to the total prob-
ability arising from the cubic anharmonic parts of the photon, phonon and exciton
fields respectively. Owing to the symmetry of the dressed polariton representation,
the amplitudes (6.3) and (6.4) are fully symmetric with respect to the interchange of
the outgoing modes. The interchange between the two modes has been considered
explicitly in amplitude (6.4a), while it is indicated by ‘interch.” in the expressions (6.4b)
and (6.4c) for the sake of convenience.

In the expression (6.3), dy—x-x indicates the usual wave-vector conservation
condition, whereas the delta function &(ewp)(K) — @, ) (K') — wpr(0) (k")) expresses the
well-known energy conservation condition. The latter arises from the fact that the
two-particle Green functions have been calculated using the truncated dressed polariton
Hamiltonian (5.5), which physically indicates that the scattered modes are independent
of one another. This approximation is sufficient provided that there are no divergent
terms in the expression (6.3). If the scattered modes interact or interfere with each
other, then the approximation (6.3) is not adequate. In such a case, one has to use the
complete Hamiltonian for the evaluation of the Green functions that appear in the
expression for P,;(k,w). Such a procedure will result in replacing the delta function in
(6.3) by a shape function, which will describe the interaction between the scattered
modes. We shall limit ourselves here to the approximation (6.3). The total amplitude
Wio(k'p', K" p") is temperature dependent through the occupation numbers and the
expressions for the #®’s and »@’s, In the expression (6.3) the bare anharmonic coupling
functions are screened by the field of the outgoing modes and, in the vicinity of the
excitation energy, by that of the incoming mode.

Upon introducing the phase velocity

U0 (p) =k, 5 (K), (6.7a)

and the relation between the energy transport velocity [16] vy, (Kp) and the screening
factor A5 (kp)

)t_l(kp) _ (dw2 7)(2)(1{, w)) ¢ (6.7)
0 — e — — ? -
dw? w=w,0)(k) v () (kP) v E(o)(kp)
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the partial amplitudes in (6.4) can be rewritten and the factor

ckl AO (kfpf) . Ck” Ao(k”P”) _ UE(O)(kIP/) vE(O) (k.’fpff) (6 70)
@yok)  wpok) ¢*

can be brought in front of the amplitudes (6.4). Hence, W, (k'p" Kk p") s proportional
to the energy transport velocities of both outgoing dressed polantons and to a combina-
tion of anharmonic coupling constants, the coefficients of which are related to the
exciton strength parameters introduced by Mills and Burstein [4]. They can be called
generalized strength parameters, which include the exciton-phonon first-order inter-
action. The proportionality between Wi, (k' p’, k" p") and the energy transport velocities
is in agreement with the results of Mills and Burstein [4]. Their outgoing modes consist
of a bare phonon and a bare polariton and, therefore, only vz(kp) for the polariton mode
appears in their results. It should be mentioned that far from the absorption region:

¥ p0)(Kp) = Vo) (Kp) = ey’ (Kp)

and, hence, the amplitude (6.3) is also in general agreement with Ovander’s results [19]
for energies far from an absorption band and in the absence of spatial dispersion.

The total amplitude (6.3) is a well-behaved function of the incoming and outgoing
frequencies. There are two critical regions in the spectrum where its behaviour must
be examined more closely, namely when either the incoming energy or an outgoing
frequency approaches an excitonic level Eyy or a phonon energy @y No divergence
appears in (6.3) in these two regions of the spectrum, contrary to the contentions of
Loudon [2] and Birman and Ganguly [3]. They correspond to the resonance conditions
of the Raman effect studied by many experimental [1] and theoretical [3], [4], [12] [14]
workers. It can be seen that all the ‘resonating’ terms are contained in the coefficients
(6.6) of the canonical transformation which have extremum values zero and unity.
We will examine therefore the behaviour of these coefficients.

We consider first the specific case when the energy w p() (k) of the dressed polariton
(kp) is in the vicinity of the excitonic level Ey). The screening factor can be approxi-
mated by

Ao(kp) & — — [E,,+4,,—w
chEg 3 |fg®N| 4 PO

(k)] — 0 (6.82)

where Ay = 3¢ 24|81 (kA) |2/ (wpo) (K) — @yg) is the energy shift arising from the
exciton-lattice coupling H}, already mentioned in Section IV. Using the limit (6.8a)
and taking the proper limit in (6.6), we find that

uPk) +9K)| -0  and o0 (k)| >0,
while

[ (k)] 1 and  |ug) (k) + vf) (k)| — [4wiglZie kN[
Thus, as wy) (k) = Ey + 4y, the photon content of the dressed polariton is decreasing
while the (kp) mode becomes increasingly exciton-like with a small phonon part. At
exact resonance conditions, the (kp) mode consists only of the (kA) exciton with a slight
phonon admixture, as if the photon field had been decoupled and will be called dressed

exciton. The energy shift is seen to be directly proportional to the exciton-phonon
coupling fnnction.
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Consider now the case when w)(K) is in the neighbourhood of the phonon energy
@y¢ - Retaining the leading term again, the screening factor can be approximated by

(@it Oyg)°
2k Sy ptolKp)

Ao(Kp) = [yt S @ oK) — (6.8D)

where

Okg = —(wig/ D) % Em|§k§(k)\) %/ (Ea— wg(m (k))

is the temperature dependent shift arising in the low energy part of the spectrum from
H.,. Using (6.8b) and taking again the proper limit in (6.6), we find that

@ &) +oQK)| -0 and |4 (k) + 0% (k)| = (og/dng =1,

while the exciton coefficients remain finite, though small. Then, for w,) (K) — @y¢ + Skg,
the photon content of the dressed polariton (kp) is decreasing, while its phonon content
increases. At resonance, the (kp) mode is a dressed phonon made of the (k) phonon
with a slight exciton admixture, but without photon contribution, like in the case of
the exciton resonance.

Hence no divergence occurs in either resonance conditions. It is easy now to see
how the scattering amplitudes behave in a case of outgoing or incoming mode reson-
ance. Let us suppose that the incoming energy () (K) is in the vicinity of the exciton
level Eyy. Then the scattering amplitude (6.3) is reduced to

Wi, K'p", Kp") = (Eyy + Ap)[1 + ny(K') + n k)[R (K'p', K"p’)
4 ]ug:,’(k) f‘” (k) |2 Ryplk'p, K"0")1 810y s S(E sy + dip
W oK) — @ ) (K")), (6.9)

which describes the probability for the process where a dressed exciton decays into
two dressed polaritons. The last term in (6.9) is the phonon scattering amplitude (6.4b),
which is proportional to the exciton-phonon coupling constant and is, therefore, very
small. If we further assume that at the same time there is a lattice resonance for one of
the outgoing modes, i.e. w, (0) (k') = @wg + O, then the total scattering amplitude
Wik’ p’ K" p") is given again by (6.9), but the expressions for Ry)(k’p’,k"p") and
Rm(k’ ’,k” p") become

Rol'p' Kp") = | 3 e k) G kA KX)o+ 3 ) (1o (K”)
go,,),(k”)]Gk,,f,,(kA kK'X) + z u<°> k')[u(") (K") + vg‘,’;.( "]
X [Floe(RALK'X) + Flooo (RN, KA)] + Ez [ugl;,(k”) + vgl),(k”)
X [y g (KA) + digrgneg (KA)] + ez [ug‘,’;,(k")

+ 05 (k)] 0, p (kA k"€") ‘ (6.10a)
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ng( krl ” _ | Z I:u(()) kl) 'Ugi) ”( ) (0) (k”) 'U(Aof),) (kl)] w [G_kf(k’A’,k”A”)
+ G¥ k"D, K'X) | ]z [0 (k") — 0] X [yop_ye(KN)

+dgﬁ<mw+%p“()vﬁmﬂxw?$ﬁ
?uwﬁh?%&AH%kwﬂkM]+ZW@&ﬁ

— v ) [ S (k )+v(9)»(k”)]B_kg(k’)\’,k”e”)‘ . (6.10b)

(6.10a) and (6.10b) describe the probability for the decay of a dressed exciton into the
dressed phonon (k’p’) and the dressed polariton (k" p").

The scattering amplitude (6.9), describing the incoming mode exciton resonance,
consists of less terms than the full expression (6.3) which is valid far from resonance,
but it also contains different screening factors. The magnitude of the resonance scatter-
ing probability (6.9) relative to (6.3) has to be computed for an actual crystal, in order
to determine if there is a resonance enhancement or not at the energy Ey) + 4, higher
than that of the free exciton. Similarly, when the outgoing (k’p’) mode is in a lattice
resonance condition, the partial probabilities (6.10) are made of less terms than the
corresponding functions of (6.4), but, on the other hand, the screening factors repre-
sented by () (k) and o9 (k) are quite different in magnitude. Therefore, quantitative
conclusions for the magmtude of the scattering probability (6.9) with and without
outgoing resonance can be derived only by computation for a real crystal.

The amplitudes (6.3) describe the first-order Stokes scattering process of dressed
polaritons. If the exciton-phonon coupling H,, is weak, the dressing of the polariton
by the phonon field is also weak, the energy shift 4,,, and possibly 8y, is small and can
be neglected but not &g Also, the function 4,(kp) can be neglected in comparison to
unity in the denominators of (6.6) but not in the numerators. This corresponds to
neglecting most of the quantitative effects of H,, while retaining the qualitative
consequence of dressing the polaritons. If we now consider that there is no exciton-
lattice coupling, i.e., taking in (6.6) the limit |gg(kA)|?> = 0 or using the results of the
limiting case b), we obtain the (bare) polariton scattering probability

Wid(K'p! K"p") + Wi (Ip! K"€") + Wisd(k'¢' K"E") = w iy, () Ag* (Kp)
X {1+ ng (k) + mp (K[ () + 0 Q)2 R (K p, K7p) + [ (k)
&"PxR&“wmagw)w%ﬁw-%ﬁm
+[1 4 7, (k') + Ne(K")] % [|u<°>“ e v<°)“ k)| R{ (K'p', K"E")

+ [ () — o )2 Rip(k'p’ K"E")] x 8wy () — epyig)(K)
= ww) +[1 4 Np(k') + NeA k"ﬂ | (k) — v (k)|
R, (K&, K"E") 6(w %)(k) Dyegr — wk”f”)}8k'—k",kl (6.11)
where
Ne(k) = <blt§bk§>(0)
folko)= lim  Ao(kp), (6.12)

igke(k)t)lz 0
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and the partial scattering amplitudes are given by

Rll:e( p ,k” Ir — IZ [ufﬂ)u ki (Oﬂ)u” (k”) & u’ggf)t‘l’(k”) (0)u (k/)] % [F_.ke(k’A,: k”/\”)
_ke(k”/\”,k’)\’)ll , (6.13)
Rk)(k’ ’ kn ” - ‘ Z M(O)u kf) [u(g)l’f(k”) L ,U(O)u (k”)] « [F+k»€~(kA, k’A,)

F...(kK'X",kA)] + interch. y

nql2
Ri(K'p' K'E") =| 3 [ (K) + vi0 (k) [biepr(K'e’, —Ke) + ege(ke, k€]

U r ry7 2
+ ] > D) — oK) By (N, k)| (6.14a)

Riy(i'p' KE) =| 3 ) Gyop kA KON + 3 [

+ 0 (k)] By (61, K'X) | (6.14Db)

RIKEK'E") = |y e ) + g (D)2 (6.15)

The coefficients % (0)“ (k) and v(o)”( ) can be obtamed from (6.6) after taking the limit
|8xe(kA)|> = 0 and the bare polarlton energy w. p(o) (k) is determined by the roots of the
secular equation (5.15).

The expression for the scattering amplitude (6.11) consists of three different terms.
The first term on the right-hand side of (6.11), which corresponds to W), “)(k' p k"p"),
describes the decay into two polaritons. Such polarlton—polarlton Scattermg takes
place at the high energy region of the spectrum and arises from the H_,; anharmonic
part of the Hamiltonian. The last term in (6.11), which corresponds to W“(“)(k’ £ K¢,
glves the probability for the decay of a polariton into phonons and arises from the
H?,, of the Hamiltonian (2.4a). The physical process in question takes place in the
infrared region of the spectrum.

In the optical region of frequen(:les the second term in (6 11) is predommant and
describes the probability, Wy, “)(k'p’ k" £”), where the incoming polariton is scattered
into a polariton and a phonon This process corresponds to the Raman effect studied
by Mills and Burstein [4]. The amplitude Ws(“)(k’ ' kK" £") consists of contributions
a.rlslng from the exciton and photon scattering probabilities Ri(k'p’,k"¢”) and
Ry (k' p' k" ¢") respectively, and is a function of the polariton and phonon occupation
numbers. Since the polariton energy is much larger than the thermal energy 23T for
normal temperatures, the polariton occupation number # (k") can be discarded. Thus,
the temperature dependence arises only from the phonon occupation number Ng-(K”).
A weak temperature dependence may also arise through the expressions for the
coefficients #{* (k) and v{y* (k) and the arguments of the delta function. The amplitude
W“"’(k’p’ k”£") can be expressed as a function of the energy transport velocities of
both incoming and outgoing polaritons and of a two polariton-one phonon effective
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coupling constant, which originates from the Hzp,, Hg. and HZ,; terms of the Hamil-
tonian. The total amplitude, therefore, can be rewritten as

Wi ('p" K"€") = (k) 5" (Kp)[1 + Neo(k")] v (kp) v (K'p)c?

x[ 3 $uep K, k) + g (ke K<) \2
+‘22a3(k'p')[Ek.)‘,/E§,l\, WO () X By kN, —ke|

|3 depd i)

+ Z “o(k’ NEwx/Ei ;,uz;)(k’)] [Ek’/\’

+w§;fgo) (k)j/Ek,,‘,Gk”gﬂ(k/\,k’X)| ]x 8 (k) — w® (k')

— @yp) Sy ke (6.16)

+ 200(kp)[E oy [Epp — @ ‘3?)

where the effective coupling constant is defined by the expressions in the square
brackets. The expression (6.16) can be compared with the matrix element .#,, of
Mills and Burstein, which is in turn proportional to the Raman tensor introduced by
Loudon [2]. Allowing for differences in notation, a Connectlon can be established with
the results of Reference [4] if we retain in (6.16) only the HZ, interaction term with the
corresponding coupling constant Gy-¢(kA,k’A’) and discard all the remaining anhar-
monic interactions. Then, their .#,(q;A,q;A;;A,) corresponds to
|y (@) |- (45 @) |Gic p, (@A 2 A |-

Hence, ., represents only one contribution of the polariton-phonon scattering
amplitude (6.16). In the latter, the effective coupling function can be further simplified
by assuming that cross products of different anharmonic coupling constants can be
neglected. Hence, (6.16) becomes

Wi (K'p’ K"E") = ) (K) Xg* (kp)[1 + Np.(k")] vjs(kp) 0 (K'p') e

x[e(

+|z 2a’*’(k'p')( Eux "0 oKX, —ke)
0 = 1 K 321
X Egy— ayiofk)

2
(K'e', Ke) + byopr(ke, —k'€))|

2

E 2
+ 2ao(kp) = k?u)Z | Z Bk”f”(kh’ k’€1)|
kAT wk(O)( e
Epx ¥
+ 2a0(kp) = lz x5k’ 2 : )
[Eia— ("()02) \Ez’ w0k

2

Ep .y + 0% (K’
« Brv t @pol )]ka,,E,,(kA,k'/\’)

B(wpidy(k) — wiloy(k)
-

~ Byeg) Sz (6.17)
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The first term in the expression (6.17) arises from the anharmonic Hamiltonian H ;RL,
which describes photon-photon scattering through the emission of a phonon. This
term is present even in the absence of dispersion since it is caused by the anharmonic
part of the electromagnetic field. The second and third terms in (6.17) originate from
H ;ZR  and describe exciton-photon scattering processes with the emission of a phonon
and vanish in the absence of dispersion. The fourth term comes from the anharmonic
Hamiltonian H2,; and represents the process, where an exciton is scattered into another
exciton and a phonon. Retaining only the largest terms having small energy denomina-
tors in

Eyg

[Eip— wl)(k)]

ao(kp)

for both incoming and outgoing modes and ignoring the energy mode transport veloci-
ties, we recover the perturbation theoretical results of Loudon [2] and Birman and
Ganguly [3], which are valid approximately far from resonance regions.

Resonance conditions can be met in the excitonic part of the spectrum only by both
oncoming and outgoing polaritons. If the incoming energy wjp (k) is in the vicinity of
the E\) exciton level, the probability (6.16) reduces to

Wiy’ k'¢") = B[l + Np (k)] vz(k'p')/c2[| S g (kA K'€)

( Eyy )* (Ey + 0yok)]

2 u? ’ i
Ekrh: T wpf(o)(k ) Ek’A’

+ 3 adicr)

X G (KA, K'X)

2
] X 8(Ejx— w:’(O)(k’) - ‘T’k”g") Ok—ir ks
(6.18a)

indicating that the bare (k) exciton mode decays into the (k”£”) phonon and the

(k’p’) polariton. On the other hand, if the outgoing mode has an energy w:’(O) (k")
close to the excitonic (k’A’) level, the expression (6.16) becomes

Wi X K"E") = @ (KL + Npo(k")] v (ko) fe [I By (kX —ke) |2

E,
+ 200(kp) —= G g (KA KX 2]8 "ok
ao(kp) [EI%/\_“ w;?m(k)] I K¢ ( )| (wp(())( )
~ Epy — @) Sie s (6.18b)

and describes the decay of (kp) mode into the (k’A’) exciton and the (k" ¢”") phonon.

The relative importance of the expression (6.18) and (6.16) or (6.17) can be found
only by their computation for real crystals. The existence of resonance enhancement
in thescattering amplitude is difficult to ascertain analytically, since some contributions
to Wf((;,')(k’ p’, k" &) vanish in the resonance regime, whereas the screening coefficients
uﬁ?},’“ (k) and vg-g)" (k) reach extremum values.

The specific case, where the three fields are independent of one another, is described
by the Green functions (3.25). The photon life time is given by the function ImP,,(kw),
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from which we derive the following scattering amplitudes.
WX K"E") + Wy (K€ K"E") = 2ck[1 + Ny (K') + Ngo(k")]|0pr(k'X, —ke) |2
X Ojr_yr k& (@ — Epy — @yege) + 2¢R[1 4 N (k')
+ Ngo(K") ]| prergr (K'€”, —Ke) + porgn(ke, —k'€’) |
X Sy Sl — (PR + )t — @), (6.19)

where both the exciton Ny(k) = (afyouod@ and the photon Ne(k) = <A£€Ak€>(0)
occupation numbers can be neglected. The first term in (6.19) gives the probability for
the process Where an exciton and a phonon are created through the absorptlon of a
photon. The H? -rr part of the Hamiltonian is responsible for the process in questlon
which does not contribute to the first-order Raman effect. The second term in (6.19)
1s the probability of direct Raman effect where the incoming photon is scattered into
a photon and a phonon. Hence, the H} rr part of the Hamiltonian is the only anhar-
monic interaction (for our model), which contributes to the Stokes component of
first-order Raman scattering, in the absence of dispersion. Furthermore, no resonance
occurs in the frequency dependence of the scattering amplitude.

b) Second-order scattering

We will now briefly examine the second-order Raman effect retaining only the
Stokes component. The scattering amplitude is given by

Wi, (K'p' K'p" K"p") = w y0)(K) AG'( kp JuSK) + vQ(K)|* Ry (K", K'p", ”’p"’)
+ ) + o0k IRk K7 )+ [
~ 1Pk |2Rk,\ , K", k"p")] x [1 -f—np,(k’) +n P,(k”)
P.,(k”’) +n ,(k’) (k) + 7o (K") 7 (1)
+”p~(km) (K)] 8y yeryem g X O(ew @ 5 0)(K) — @ )(K')

wp”(O)(k ) — w0 K")), (6.20)
where the partial probabilities are defined as

Rke(kfpl kflpll km m — % %,\' [%(O) _ 30})) (kl)] [Méoz) (k”) a; v(g?’)”(ku):] [%gi)»(k”’)
§¢er

+ 00 (K" [Bypegr (KN Ke€) + Oyemgrergr (KX’ Ke)]

2

+ interch. ] (6.21a)
Riy(k'p K'p" k"p") =% A%_uua?;r(k')) [ (K" + 0@ (k")] x (g2 (k")
geem
+vg1;,(k'")] D\ gn-¢-(KA,K'X) + interch.] +€€ze [[u“” (k')
iid
+ 08 (k)] x (g, (K7) + v, (k)] [, (k")

2

+ 0 (K")] 0 gy (KA, K'€’) + interch.] (6.21b)
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R (K'p' K"p" K"p") =} ,\Z [ (k) — v, (k")) [ (k) + 0@ (k")] x (g (k")
e'é”?
éf”f" ,
f" 0 (k™)] O\rgmie (K'X", K"€”) + interch,

3 (k) v (") + il (K7) oo (k)] - [, (k)

2
+ 02 (K")] D_yogng (KX, k")) + interch, (6.21¢)

In the dressed polariton representation, the second-order scattering amplitude
(6.20) is fully symmetric with respect to the permutation of the indices of the outgoing
modes. Like the first-order probability, (6.20) is a hnear combmatlon of partial prob-
abilities, the coefficients of which are the u(?,) (k)’s and o' Jo Y (k)’s of the canonical trans-
formation. These partlal probabilities (6.21) are also polanton -like combinations of the
couplmg functions arising from the quartic anharmonicity H>. Inspection of the
expression (6.20) indicates that the resonant behaviour of Wk k'p" k" p" K" p") is
similar to that of the first-order probability and we will not dlscuss it any further. We
only emphasize that in the dressed polariton representation there are two resonance
regions, namely in the excitonic part of the spectrum and in the phonon region, where
the energy shifts must be taken into account.

If we assume that the exciton-lattice coupling vanishes, then the amplitude (6.20)
is reduced to

Wi (&'p’ K"E" K"E") = wi () X5 (kp) [ (k) + 09 (K) |* Ric(K'p', k6", k™€)
e IM(O)H (0)u IzR klpf’krlglf,kerfIN)][l + Nsew(k”)
+ Ng-(K") + Ngo (k") Nee(k)] % 8(e (k) — @59,(K)
— @yrgr — Byemgn) Oy gy (6.22)
with the definitions:
Ry (k'p’ K" K"E") = _? [ug";“(k') —vS?::,‘(k')][ﬁkngﬁkufm(k'h',ke)

+ Oyrpmep- (X )], (6.23)

ok K€" K"E") = Z u(o)“( [Dyrgrynge RAK'X') + D prprrg- (KA, K'X') ]
+ 3 ) + oG g RAK'€)
46 N 2
In (6.22), the polariton occupation number #,(k) has been discarded. It can be

seen from Ws(”)(k’ LK"E" k" E") that our quartic anharmomc1ty leads, in the bare
polariton representatlon to the scattering of the incoming polariton into another



1042 J.-A. Deverin and C. Mavroyannis H.P.A.

polariton and two phonons. Furthermore, the bare photon scattering amplitude
obtained from Ry (k' p’,k"£”, k" £") shows that the photon is scattered into the (k'A’)
exciton and two phonons, and that H3, for our model Hamiltonian, does not con-
tain mechanisms leading to the direct second-order Raman effect in the absence of
dispersion.

In deriving the expressions for the scattering amplitudes, the nature of the
phonons involved has not been specified and, therefore, the results can be used to
describe physical processes of either Raman scattering by optical phonons or Brillouin
scattering by acoustic phonons. A restriction arises from our model Hamiltonian, which
1s valid for small wave-vectors only and, hence, second-order effects involving phonons
of large but opposite wave-vectors cannot be properly represented by the derived
amplitudes. The above derivation of the scattering probabilities does not proceed
through perturbation theory and, therefore, the derived results are applicable to the
description of the Raman effect under resonance conditions, provided the behaviour of
the system and the proper nature of the modes are fully recognized. Numerical calcula-
tions of the derived results for real crystals will be necessary for the quantitative
comparison with observed data.

VII. Conclusion

The excitation spectrum arising from the interaction of three fields, photon,
exciton and phonon in polar crystals has been studied in successive approximations.
When anharmonicity is neglected, the spectrum consists of dressed by the phonon
field polariton modes, which migrate through the crystal. The exciton-phonon inter-
action, which is responsible for the dressing of the polariton modes, shifts the dispersion
energies that appear in the expression of the dielectric function and produces dispersion
in the low energy-phonon part of the spectrum. When anharmonic interactions are
taken into account, the absorption bands are found to consist of the superposition of
two terms. The first term describes the main Lorentzian line peaked at the renormalized
polariton energies, which can be asymmetrically broadened if the energy dependence
of the damping function is taken into consideration. The second term describes an
asymmetric band, which governs the absorption at frequencies far from the renormal-
ized polariton energies and is responsible for the structure of the side bands. The
broadening of the main line comes only from the damping function and it is asymmetric
only if the anharmonic interactions are strong enough to make its energy dependence
substantial in the narrow frequency range of the order of the line width. On the other
hand, the second term contributes over the entire frequency spectrum, except at the
renormalized polariton excitation energies, and describes interference effects arising
from anharmonic polariton-polariton interactions; it results always in the asymmetric
broadening of the main line. The exciton-phonon interaction brings in additional
contributions to the damping function and to the interfering term in the expression
for the spectral function.

The Stokes components of the first- and second-order Raman scattering amplitudes
have been derived in the bare and dressed polariton representation respectively as
well as those corresponding to the independent fields. Lattice and excitonic resonance
regimes have been considered for both outgoing and incoming modes. In the dressed
polariton representation, the resonance energies are shifted with respect to the exciton
energy FEyy and phonon frequency @y respectively. When the exciton-phonon inter-
action vanishes, these energy shifts disappear and the expression for the polariton



Vol. 45, 1972 Absorption and Light Scattering in Insulators 1043

scattering probability includes terms that resonate only in the excitonic region of
frequencies. The resonating terms have been shown to be the coefficients of the canonical
transformation, which diagonalize the first-order Hamiltonian and, therefore, they
take the extreme values of zero and unity. Thus resonance does not bring divergence
in the scattering amplitudes, but instead a rearrangement of the various terms occurs
arising from the fact that electromagnetic content of the polariton mode is reduced
to zero. The existence of a resonant enhancement in the expression for the scattering
probability cannot be ascertained analytically. The frequency dependence of the
Raman amplitude, as well as the excitation spectrum and the line-shape of the absorp-
tion bands, have to be computed numerically for an actual crystal.

Appendix

To calculate the two-particle Green functions appearing in the expression for
P,;(k, w) in the polariton representation, we introduce the row vector operator

23Ky, K5) = (y, (k) 7 (K5) 7, (k) v, (K0) vl (k) yiKs) k) yik). (A

Using this operator and its hermltlan conjugate, we define the two-particle Green
function G,(k’,k",w) = ({g,(k’,k");gl(k; k,)>>, the equation of motion which is
given by

1 ’
Gk, o) = = (820, k"), g5 Ky, ko) Dy + <& (KK, HE™; gh(K, k2)>(i;
m 2)

where the polariton Hamiltonian Hj® is given by (5.5). From (A.2) we obtain the
matrix elements of G,(k’,k", w):

T 1 [n’p’(k’) — Ny k”)]
4 ! » mya . 3 ’ ” ’ 8 ” )
<<‘yP (k ) 7p (k ) » YPI( ) 'sz( )>> (271_ w + [wp»(k') _ wp”(kn)] PP18P Pzak k1Y%k’k,
(A.3a)
1 (ny, —n_) '
T’ ”, T = o - P P , » 3 A.3b
<<‘yp yp ryplyp2>> (271_) . (wp — w ) 3k ,kzsk Ky ( )
1 (n ny)
Vsl - e — B R B s A.3c
<<‘)’p"}’p :}’pl'}’pg)) (211-) > — (wp' — wp") K’k 9Kk, ( )
1 (n, —ny)
t. t p P
<<7p'7,0": Vou¥p)) =— (%) o T Sk’,kzak”,kl ’ (A.3d)
1 (I +ny+ny)
<<'Yp '}’p’” 'YP;'YP2>> 11') : i - (wP' + wp”) (Sk klsk" ky + 8]( kzak" ky» (A3e)
+n p.)

I\ (1+n,
Ky pr¥p Y,DIYP1>> ( )-w ( P )(SR.,klskn,szr Sk Ok k, )+ (A.3f)

T — (wp + wp”
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All the two-particle Green functions appearing in the expression for P,;(k,w) consist
of a linear combination of (A.3). The average value of the polariton occupation number
is denoted by

) Yl K)> =1, (K) 8 1 o8y =1 B o

In our notation, 8y 4~ implies also 8,4 and the k-dependence of the polariton energy
wp = w,(K) has been suppressed, for sake of convenience. The poles of the functions
(A.3) are located at the energies w = +w, (k') + w,(K").

Similarly, for the three-particle Green functions, we introduce the row operator

&3 ks, kg, a) = (], (k) 7] (o) hka) o, () o (o) 7 (ko)
YD) Y, ) v 0) ) () o () 9, (Ks) oy () 7, ) ) ()

VoK) 762y, (Ks) (K1), (ko) 3, (Ks) oy, (Ka) 9, (K2) , (ko)
(A.4)

From this operator, together with its hermitian conjugate vector operator g, (k’,k", k"),
we define a three-particle Green function G,(k’k"Kk”,w), whose equation of motion is
similar to (A.2). Using the following notation

<'}’;1(k1) ')’gz(kz) '}’pa(ks) ’}’p4(k4)> = "1,J1(1"1)’””,o2 (k) (6 kl,k38k2,k4 + Bkl,k48kz,k3):
AKk'k" Kk, k,) = Bk,’k18ka’kz + Sk,ykZSkﬂ’kl, (A.5)
- AK'K'K" k Kk, k,) = Sk,,kISk”,kZSR,ﬁﬁ + Bk,’kISk”’kSSkﬂ’kz +...4 terms,
we can write the twenty non-zero matrix elements of G5 (k'k"k”, w) :
G3 KKK, w) = (v Vs ¥ ¥y DD
( 1 ) ‘ (L +n,) (1 + ng+ 7pe) + 1y ]

o Ak'k"k" k, k, kj)
2 w — (wyt+ Wyt wy) (A.6a)

G UK, w) = V3V Vs Yo, Vo Vo

_ (2i) - (]. + 'np')(]- + ’ﬂp” + ’K’rp"') + nP” = ﬂp”' A(k'k”k’”,kl kZ k3)
w

w + (wp+ wpr+ wpr) (A.6b)
1 1
G K'K'K", w)= |—] - ny(l+n,.+n,
37 w) (2‘”) T & B wy) {l P ( P p )

= MMy 18y AKK" Ko K3) + 2,8y Lo [(L 1, ) 8y B,
+ (1 +7,) 0k kO] + 7m0y -[(1+ n,) 8k1,k28k”,k3
+ (1 +mn,,) Skbkssk,,,kz]} (A.6c)

1 1
G23 k'k”km, w) = | — ", 1 + " + .
3 ( ) (277_) [w —_ (-—wP' + W, + wP”') {[ P ( P p )

— Ny ] By AKK'K” Kk K3) + 7Ot s [P, Bk 1, Oy
+ {1+ nPZ) 81‘2,1‘38""-“1] + nP"Sk',k"[nPlakpkzsk”,ka

+ (L +7p,) 8y, 1,80, 1} (A.6d)
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1
CHKK'K", w) = [ —
27T w — (_wp’+ wp”+ wp”)

— Ny ye] Oy AK'K" Ky Kp) + 158, 10[1, 0,y S,

} {np(1 +np + np)

+ nP28 kz’ksak"h] + nP" ak'sk' [nP38k1,k38k”-kz + nPZS ks, k3 8 k" k; ] }
(A.6e)

1 1
G32 k’k”k”’ o —_— ” 1 ’ ”

— 5] S AKK Ky K3) + (1 72,) S o [(1+ 7,08, 1o Sy
+ (1 + np3) Skl’k:’oakmakz] + nP”Sk”akM[(l + npl) Sklskzsk"kS

+ (L4 7,) 8y By, T} (A.61)
G33(k’k”k'” ) 1 1 {[ (1 + + )
i e = ” ’ n
3 w 2m ]l w — (wp, — Wy Y wP,) P n, P

- np,np..] Sk”,kzd (k'K" k,k3) + (1 + np,) Sk',k"[(l + "pz) Skz,kg,sk”,kl
+ nPISkpszk"sks] + nP”ak”-k"[(l - an) Bkzskssk':kl s nP18k1=k28k"k3]}
(A.6g)

1 1
GHKK'K", w) =|— nAl+n,+mn,
3 ( CU) (211') |:w _ (wp' — CUP”+ wp,)il {[ p ( p p )

— np.npm] 3k”,k3A(k'k"', k, kz) +(1+ npf) ak’,k” [npsskpkssk",kz
+ anskz,ksak”,kaJ + nP”Bk”,k" [np38k1,k38k',k2 T anakz,k:sSk'vkl]}

(A.6h)

1 1
CLKKK", w) = | — ([ (1 + np+ )
27 |w — (wpf+ W pr— )
—n, np”] Sk",lqA k'k", k, k) + (1 + nP.) Bk',k”[(l + npl) Skl,kzak”,ks
+ (1 +7,) 8w Ok, ] + (14 2,) By o[(L+7,) 8 4 O,
+ (1 +7,) 8 1,1} (A.61)

1

2") [“’ — (wp+ wp— wpr)
S np’nP”] Skﬂ’kzd (kfk”’ kl k3) +(1 + an) Sk'k'[nhskl,kgak",ks

+ (1 + ﬂez) 81(2,1(36](”,[(1] + (]. "I‘ np”) Skk,kn[nplskl,kzak:,ks

(L +n,) 8 1] (A.6K)
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1 1
GP# KKK, w)=|— (1 +ny+ 0,0
np.np~] Sk",kaA (k'k" k, k,) +(1 + np..) Sk,,k.[nmSk ksBk. Ky
+ anakz,ksak”skl] +(1+ nP”) Sk”’k'[npsskbkss anskz 81":1‘1]}
(A.61])

The other matrix elements G3'7' (k’k"k”, w) are obtained from the above expressions
in the following way: a) permutation of the indices #j according to the scheme 1 « 8,
2+ 17,3+«>6and 4+« 5; b) the sign of the functions (A.6) is reversed as well as the
sign of the linear combination w, in the denominator; c) in the second and third terms
of the numerator, 7,0k, k; <> (1 + #p,) Sk, k, fors,7=1,2,3ands,7=",","

By combining lmea,rly the GY (k’k”k”’ w), we get all the three- pa,rtlcle Green
functions contained in PY¥(k, w). In doing such a combination, one must keep in mind
that

GoK..., ) =G,(K...,—w) (A7)

in the complex w-plane for both two- and three-particle Green functions. The poles of
the functions (A.6) are located at the energies +wy + wy + wyr.

Using the functions (A.3) and (A.6), the matrix elements P,;(k, w) of the scattering
operator (3.9), which are linear combinations of two- and three-particles Green func-
tions, can be written in the general form:

(1 +np’_+‘ np”) -~
P. k, = .+ " I'saz Kk’ ',k” ” st ko’ k"p"
i (K, w) E {wzﬂ (o, + wpﬂ)z[(wp wy) Iy (K'p" K"p") + Iy, (K'p", K"p")]

k’k”
Pp”
(np’_ npﬂ) AS g0 1 1 n ~AS 3 G osE
—wz-—(w w )2[(wp’_wp”)Fka(kP»kP)+wrka(kp,kp)]
P P’
%O et 3 (l+nP‘+nP"+nP'+nP'nP T Mpr Hpr + Mg '”’p)
T M R P
x L@, + wp+ @) T (Kp! K" k70" + ol (K'p K" k"))
[ ( +n,+n")—n”n"] g n_n m._m
2 — (e 4 wyp+ wy)? (e + @y + @) g (k'p" kp", K"p")
— (~wyt wy+ w,
i (.UI‘ ( krr ” km M)] + [np”(l + np’+ np’) = np'npﬂ]

w? — (wy— @y + auP»-)2

X [(wp’ _ wp” + wpﬂ)]"ﬂi (klp’, k”p”, kmp»r) 4 wI‘! f‘"ozz( lpl’ kﬁp”, kmpﬂr)]

( +n'+n”)A—n'n”] n_n ogm_n
; 2 (et @ — w,r) TR !, Kp", K"p"")

— (wy +cu»—wp-)2
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1
+ ol 2(k'p’  kK"p" K"p M)]}8k+k”+k"k+ 2. {(—-—

KKk | (w? — w?)
PP P
-~ 1
Ty R Kp') + R LD, K] + ey
o
T2 n_n y.m_m 1
x [, RE2(K"p" K"p") + wRI2(K"p" k" PN+
P
X [“’p"Rﬁ (k'p", k"p") + wﬁﬁ( p K" ")]} O 41 1" k- (A.8)

In (A.8) the index « stands for the polarization indices €, A and £ of the incoming mode
The first term in (A.8), which is summed over the two outgoing polaritons, represents
first-order scattering process, the Stokes component is proportional to (1 + #np + #p),
whereas that of the anti-Stokes is proportional to (n, — 1,-). In the second term, the
summation runs over the three outgoing modes and corresponds to the second-order
scattering process. The last term results from the last two terms in the numerator of
the three-particle Green functions (A.6) and represents scattering events, where two

of the outgoing modes have the same band index p and wave-vector k and cancel
each other.

Making use of the relation (A.7), it is found that in the expressions for P,,(k, w)
and Pj;(k,w), all coefficients I"and R vanish, whereas they are non-zero but can be,
nevertheless, neglected for P,;(k,w) and P,,(k,w). All the coefficients in (A.8) are
easily expressed in terms of the anharmonic coupling constants and the #’s and v's
for the outgoing modes. The algebra involved is rather tedious and the final expressions
are so lengthy that they will not be given here.
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